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Abstract
During the DWH oil spill, vast quantities of crude oil were released into the sea-surface
environment of the Gulf of Mexico. There has been ample research focused on the transport
of oil into the different environmental sections. Evaporation has been considered to be the
only transport pathway of oil spill matter into the atmosphere. However, the aerosolization
of oil and dispersant via bursting bubbles as they occur in whitecaps and breaking waves has
not been considered in the oil and dispersant budget calculation. This transport vector is
significant as it is the dominant source of particulate matter production in the atmosphere. In
our work, the possibility of the ejection of dispersant components in the atmosphere through
adsorption on the surface of bursting bubbles was studied and quantified for the first time in a
laboratory scale bubble column reactor and by molecular dynamic simulation. Although the
presence of Corexit components in water and sediment has been documented, there has been
no investigation on the atmospheric transport of surfactant content of Corexit. In addition
to characterizing dispersant components in the air, their neglected impact on enhancing
the emission rate of oil matter into the air was studied and quantified. We showed that in
spite of the primary aim for dispersant use which is facilitating the dispersion of oil into
the water column, in the presence of breaking waves and bursting bubbles the aerosolization
of intermediate/ semi/ non-volatile oil components into the air will be enhanced. Different
experiments on pure alkanes, oil, and premixed oil with Corexits/surfactants were conducted
in the bubble column reactor to study and quantify the effect of bursting bubbles on the
transport of oil/dispersant components into the air. Once the oil/dispersant/surfactant

xiv

materials are adsorbed at the air-water interface, they are ejected by bursting bubbles into
the atmosphere. The concentration and subsequent ejection rates of oil and dispersant
components were measured by sampling the effluent of the reactor in the air and compared
through different experiments. Our results show the aerosolization by bursting bubbles is
of particular importance for the fate of SVOC (semi-volatile organic compounds) such as
alkanes with more than eighteen carbon atoms, as dissolution and evaporation are negligible
for these compounds. Scanning electron microscope coupled with energy dispersive X-ray
images identifies the carbon fraction originated from oil/dispersant compounds associated
with salt particles of aerosols. The application of both Corexit 9500 and Corexit 9527
facilitates aerosolization by enhancing the dispersion of the oil in the water column and
improving the flotation capacity of the bubbles. Also, mechanistic experiments of a bursting
bubble, observed with a high speed camera, clearly show enhancement in droplet production
when we add dispersant to oil. The possibility of the emergence of surfactant components of
Corexit in aerosol samples was investigated and quantified for the first time. The extent of the
effect of each surfactants on the aerosolization of oil/dispersant matter into the atmosphere
was examined. Different surfactants with different HLB and structures have various effects
in ejection of organic matter into the atmosphere and also the dispersion of oil inside the
reactor. DOSS and Span 80 showed an order of magnitude difference in their effect on
the adsorption of organic matter to the surface of bursting bubble and their consequent
ejection into the atmosphere. Additionally, the molecular dynamics simulations support the
observed propensity for alkanes/surfactants at the air/water interfaces of breaking bubbles.
The transport of sulfur species in the form of particles originated from both crude oil and
dispersant was investigated and it was used as a mean to find the relative contribution of
oil and dispersant on the emission of sulfur species. The relative effect of oil and dispersant
on the emission rate of the sulfur compounds in the form of particles was determined with
linear combination fitting (LCF) using spectra of reference compounds (i.e. pure oil, pure
corexit) and showed dispersant sulfur species are enriched by a factor of 14 in the aerosol
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phase comparing with their initial concentration in oil. The atmospheric fate of the collected
aerosols was studied by testing their degradation when they were exposed to solar radiation
in a simulated solar photo-reactor under UV light and Hydroxyl radicals (OH • ) and ozone
(O3 ). The effect of UV, hydroxyl radical and ozone on alkane degradation was in the range
of standard deviation between samples, and thus it was not very significant.
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Chapter 1
Introduction and Literature Review
1.1

Deepwater Horizon Oil Spill

Crude oil is released into oceanic waters via natural seepage and through human activities
such as production, transport, and offshore exploration (Kvenvolden and Cooper, 2003).
During the Deepwater Horizon (DWH) oil spill, which began on April 20, 2010 and continued
over 3 months, the release of oil and gas was initiated into the well bore due to the failure of a
blowout preventer in the sealing of the well. This catastrophic event caused an approximate
amount of 4.9 million barrels of crude oil to be released into the Gulf of Mexico (GOM)
that results in the largest marine oil spill in U.S. history (Restorethegulf.gov, 2011; Report,
2014). Note that this amount of hydrocarbon released over 3 months is 40-170 times greater
than the annual total seepage of oil in the GOM (4000-17000 tons), which is estimated
using satellite remote sensing techniques (Kvenvolden and Cooper, 2003; MacDonald, 1998;
Macdonald et al., 1993). This oil spill has its unique features since it occurred 1500 m
beneath the sea surface and about 80 km far from the shoreline which allow short and long
ranged plus surface and subsurface transport pathways to occur (Lubchenco et al., 2012;
Ehrenhauser et al., 2014).
Dispersant, a mixture of solvents and surfactants, can be used as one of the ways to
combat off-shore oil spills. During the DWH oil spill, about 1.8 million gallons of Corexit
9500A and Corexit 9527A were applied at the water surface (1.1 million gallons) and in-situ
at the well-head (0.7 million gallons) (Lehr et al., 2010; Gray et al., 2014). Corexit 9500A and
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Figure 1.1: Schematic of the fate of the spilled oil during Deepwater Horizon incident adapted
from Ehrenhauser et al. (2014).
Corexit 9527A can break up the oil into small droplets (<70 µm in diameter) by reducing
the oil-water interfacial tension. Corexit application was aimed to reduce oil delivery to
the shoreline ecosystems and increase oil dissolution into the water column, presumably
making it more bioavailable (Prince and Butler, 2014; Committee on Understanding Oil
Spill Dispersants: Efficacy and effects and Council, 2005; Lessard and DeMarco, 2000).
Figure 1.1 shows schematically different transport pathways for the spilled oil during
the DWH oil spill. The spilled oil, at the depth of 1500 m below the sea surface, has
experienced different sub-surface and surface transport pathways including dispersion, due
to the turbulence of the jet at the spill site and application of dispersants, dissolution,
sedimentation, and evaporation. The best mass balance estimate for the spilled oil accounted
for 20% of oil skimmed or recovered, 5% burned at the site, 5% of oil evaporated and the rest

2

Figure 1.2: Deepwater Horizon oil budget (Lehr et al., 2010).
dispersed in the water column (Lubchenco et al., 2012; Lehr et al., 2010; Ryerson et al., 2012).
Figure 1.2 depicts the oil budget calculation during DWH oil spill by combining two pathways
of dissolution and evaporation. The residual part in this figure accounts for other transport
pathways which were not explicitly characterized and quantified like sedimentation, tar ball
formation, oil collection at shoreline, etc. One of the highly possible and potential transport
vector responsible for the transport of oil and dispersant material into the atmosphere is
aerosolization.
The contribution of the aerosol generation from crude oil and dispersant containing oil via
bursting bubbles and whitecaps on the sea surface by wind-wave actions was unknown and
was not taken into consideration in oil budget calculation. This is surprising as the oceanic
whitecaps, which are produced by breaking waves, are the dominant source of particulate
matter in the atmosphere, capable of producing 3.5 × 1012 kg of particulate matter per
year (Ehrenhauser et al., 2014; Spillane et al., 1986). The DWH explosion resulted in a
major fraction of oil accumulating on the sea surface; some evaporated and created aerosols
in the atmosphere (de Gouw et al., 2011; Ryerson et al., 2012). Wind stress on the ocean
surface results in direct ejection of sea spray aerosols into the air through breaking waves and
3

Figure 1.3: Schematic of the fate of the spilled oil with the focus on aerosolization by
whitecaps adapted from Ehrenhauser et al. (2014).
bursting bubbles on the surface and the so far neglected aerosolization by bursting bubbles
as they are produced in oceanic whitecaps (Keene et al., 2007).
Figure 1.3 shows schematically the possible pathways by which aerosolized species can
be transported to the atmosphere in a deep-sea accident. The oil reaching the surface from a
sub-sea spill will contain not only oil and gas components, but also associated materials such
as dispersants that are used in treating the oil spill. Immediately near the spill at the sea
surface, the volatile organic compounds (VOC) would evaporate into the air. As the plume
moves with the water currents, soluble organic material and some dispersant components
will dissolve into the water leaving behind the intermediate volatile (IVOC) and semi-volatile
organic compounds (SVOC) in the surface spill. Water droplets generated at the surface by
wind-wave action will adsorb and transport the organic and dispersant components into
the atmosphere. It is important to first understand these challenges in the context of a
laboratory experiment and further to derive estimates of these transport rates for typical
organics from oil spills on a turbulent sea surface.
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1.2

Sea Spray Aerosols Production Mechanisms

All non-gaseous particles suspended in the atmosphere are called aerosols (Massel, 2007).
These aerosols can be generated both naturally and anthropogenically. Since about 71% of
the Earths surface is covered by the ocean, marine aerosols have an important effect in global
air-sea gas and particle exchange (Massel, 2007). There are four identifiable sources of bubble
production: raindrops, snowflakes, super-saturation of seawater by temperature change, and
whitecaps. The predominant mechanism for bubble production is from whitecaps, which, on
average, cover 1% of the sea at all times (Blanchard, 1983). Formation of oceanic air bubbles
starts with wind effect on the surface of ocean leading to the generation and amplification of
waves. Wave breaking results in the entrainment of the air bubble in water, then the rising
of said air bubble to the ocean surface, where it bursts at the air-water interface.
The production of aerosols from bursting bubbles is greatly dependent on the size, concentration, and injection depth of the bubbles. Some general trends regarding the production
of these bubbles include: bubble concentration increases rapidly with an increase in wind
velocity, the higher the bubble concentration/frequency, the small the bubble diameter, and
both concentration and frequency of bubbles decrease exponentially with deeper injection
depths (Spillane et al., 1986). The mechanism of bursting bubble and aerosol production
and various factors which affect this phenomena has been studied extensively. (Blanchard,
1964, 1975; Monahan and Davidson, 1986; Andreas et al., 1995). Bursting bubbles which are
entrained by breaking waves are considered to be one the primary mechanisms for marigenic
aerosol production. When a bubble bursts, it produces two families of droplets: film and jet
drops (Blanchard, 1963; Knelman et al., 1954).
Film droplets arise within a few hundred microseconds of the bubble bursting from the
thin layer of water, the bubble film (also called cap or dome), that separates the air within
a bubble from the atmosphere (Spillane et al., 1986). Hundreds of film drops are produced
when a bubble cap disintegrates and these are the smallest produced drops ranged from 1
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µm to 30 µm (Blanchard and Syzdek, 1988; Resch and Afeti, 1991; Spiel, 1998). The amount
of time before a bubble bursts to form film droplets vary depending on the internal pressure
in the bubble due to surface tension, which changing according to the nature and amount
of material that collected on the surface of the bubble from its ascent to the surface (Lewis
and Schwartz, 2004). Jet droplets are produced milliseconds after film drops, as a result of
the collapse of the internal cavity of a bursting bubble caused by the pressure release inside
the bubble (Resch, 1986; Andreas et al., 1995).
Jet drops can reach ejection velocities of up to 10 meters per second and they rapidly
reach their maximum heights of ejection (up to 20 cm in still air), which depend on the
jet drop radius, ejection velocity, and wind velocity on the surface. Jet drops usually only
remain airborne for less than a single second, unless theyre entrained upward by upwardmoving eddies. Whereas jet drops are directed only vertically, film drops are distributed in
volume of a few centimeters cubed, at various angles that have yet to show a determined
pattern, also at an ejection velocity up to 10 meters per second. While surface tension,
viscosity, temperature, and density of the liquid all affect the production of film and jet
droplets, the diameter, and therefore size, of the bursting bubble in question is the primary
factor (Lewis and Schwartz, 2004). The number of film drops increases rapidly with bubble
size whereas the number of jet drops usually decreases with increased bubble size Blanchard
(1963). Bubbles less than 0.3mm are not observed to produce film drops, but ones of 6mm
are capable of producing a maximum of 1000 film drops, with the sizes of these drops ranging
from less than 1µm to 30µm (Cipriano and Blanchard, 1981; Blanchard, 1975). Anywhere
from 1 to 10 jet drops are produced from a bursting bubble, following the general trend of
the smaller the bubble, the more jet drops are produced. Jet drops have diameters ranging
anywhere from 0.1 to 0.15 times the diameter of the generating bubble (Resch, 1986; Andreas
et al., 1995).
Which of the two types of droplets play a larger role in air-sea particulate exchange? To
answer this question, the number of film drops and jet drops a bubble at the air-sea interface
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Figure 1.4: Bursting bubble, film, and jet droplets production adapted from Blanchard and
Syzdek (1982).
produces needs to be known. The problem arises when the number of film drops produced has
an uncertainty of two orders of magnitude (Prince and Butler, 2014). While it is relatively
simple to obtain a numerical value for jet drops produced per bursting bubble of a certain
size, a corresponding value for film drops is not nearly as attainable. Only a relative number
can be estimated, and it depends greatly on the size of the bursting bubbles producing the
drops. If the majority of the bubbles have a diameter less than 0.5mm, jet drops are the
predominant droplets formed. However, if the generating bubbles are mostly greater than
3mm in diameter, then the number of film drops greatly exceeds the number of jet drops
(Blanchard, 1983). The bubble size distribution in the bubble column reactor that we use for
whitecap simulation in our laboratory ranges from 0.4-3 mm and we have both film and jet
droplet production in the reactor. However, we observed a classification inside the column,
which limited significantly the transport of large droplets/particles (usually associated with
jet droplets from small bubbles) to the sampling point at the top of the column. These
missing larger droplets/particles are usually associated with jet droplets from small bubbles
and have high settling velocities, which allow only limited vertical and horizontal reach.
The larger is the bubble diameter, the more film droplets are produced. However, the
number of produced jet drops is inversely related to the bubble diameter (Blanchard, 1983).
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1.3

Chemical Composition of Sea Spray Aerosols

Evaluation of the chemistry of droplets and particles produced by bursting bubbles has
showed that not only salt particles appear in the atmosphere via sea spray production, but
also bursting bubbles are capable in scavenging and ejecting organic (natural and anthropogenic) and surface active compounds into the atmosphere. Surface active compounds that
have both hydrophilic and hydrophobic heads will attach at the air-water interface of bubbles
and become a part of the composition of a very thin layer of oceanic surface, microlayer.
Breaking of bubbles at the air-water interface skims off the microlayer to produce film and
jet droplets.
The microlayer can be enriched with hydrophobic and surface-active materials along with
mineral particles and marine organisms such as bacteria and planktons (Blanchard, 1975,
1983; McInnes et al., 2013; Schmitt-Kopplin et al., 2012; Prather et al., 2013; MacIntyre,
1972). In Table 1.1, some of the laboratory and infield investigations on the aerosol transport of organic and inorganic surface-active compounds, metals, bacteria, and viruses are
presented. However, most of the studied surfactants were water-soluble and are different
from Corexit compounds which are dominantly consist of lipophilic structures dissolved in
organic solvent (Fuentes et al., 2010; Modini et al., 2013).
Corexit 9500 is a mixture consisting of ionic (35 wt%), nonionic (48 wt%) and solvent
(Committee on Understanding Oil Spill Dispersants: Efficacy and effects and Council, 2005)
in which, the major ionic surfactant is sodium dioctyl sulfosuccinate (DOSS, a.k.a. Aerosol
OT) (Singer et al., 1991). and the major nonionic surfactants include polyoxyethylene sorbitan mono- and trioleate (Tween 80 and Tween 85) and sorbitan monooleate (Span 80)
(Committee on Understanding Oil Spill Dispersants: Efficacy and effects and Council, 2005).
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1.4

Health Hazards of Oil Spill Aerosols

There are potential health hazards from aerosols containing oil and/or dispersant components. The organic aerosol component of air particulate matter can be separated into primary
and secondary components. Primary components are directly emitted as solid or liquid particles from sources such as biomass burning, volcanic eruptions, and sea spray amongst other
things. Secondary organic aerosol components arise from chemical reactions and conversion
of volatile organic compounds from gas to particle in the atmosphere (Pöschl, 2005). The
potency of health hazards from aerosol particles are primarily determined by their size, structure, and chemical composition. However, these characteristics vary greatly depending on
the particle. Crude oil, composed mainly of aliphatic and aromatic hydrocarbons, is largely
made up of VOCs that can cause ongoing negative symptoms for people exposed (Pöschl,
2005; Anderson et al., 2011). Inhalation of VOCs from dispersant components also introduces many health hazards, as evidenced by an increasing number of reports of sickness in
near-shore residents and first responders to oil spills (Anderson et al., 2011).
Moreover, the primary marine aerosols produced by oceanic whitecaps can be one of the
major contributor to oil and dispersant flux into the atmosphere. These micro-meter sized
organic particles at a very low wind speed of only 5 m/s have a lifetime of approximately
2×103 seconds allowing for a theoretical transport distance of 10 km (Andreas et al., 1995).
Toxicological studies showed adverse effects of fine aerosol particles and VOCs pollutants on
human health (Pöschl, 2005; Kampa and Castanas, 2008). Therefore, these ejected aerosols
along with oil/dispersant components must be considered a potential risk to nearshore residents and first responders who may suffer from prolonged respiratory symptoms lasting 1
to 2 years after exposure (Zock et al., 2007; Solomon, 2010). The potential health effects
of Corexit application were evaluated through dermal exposure and inhalation that showed
measurable change in normal physiological function (Anderson et al., 2011; Castranova, 2011;
Goldsmith et al., 2011).
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1.5

Dissertation Objectives and Contributions

Investigation of the aerosolization of oil/dispersant components by bursting bubbles in a
laboratory scale bubble column reactor opens up a new pathway to assess the possibility
and significance of this unexplored transport vector in the context of oil spill. To the best
of our knowledge there has been no investigation on the effect of Corexit 9500A and 9527A,
used during DWH oil spill, and their surfactant components on the aerosol transport of oil
matter via bursting bubbles. Additionally, there are no field or laboratory investigations that
document the potential for Corexit surfactants to aerosolize or that quantify the ejection rate
of Corexit surfactants into the atmosphere via bursting bubbles.
The transport of surfactant content of Corexits into the gas phase of the atmosphere
is not expected given its very low vapor pressure (EPA, 2001). However, transfer of the
non-volatile Corexit surfactants via aerosolization promoted by sea spray is possible.
Obtaining the ejection rates of oil/dispersant matter will provide new data for a more
detailed prediction of the loss of organic matter during a surfacing oil spill and as such it will
shed additional light on the transformation of oil to tar balls. The characterization of the
produced aerosol will enhance the ability of the scientific community to predict the transport
of particulate matter generated during an oil spill and the potential effects on populated
areas. The possibility of emission of dispersant components of Corexit in the aerosol phase
has not been investigated so far. But, we were able to detect and quantify the emission
of surfactant components of Corexits via bursting bubbles into the air. Moreover, we were
able to find the enrichment of Corexit relative to oil in the aerosol phase. The comparison
of the influence of different dispersants onto the aerosolization will allow an assessment of
the principal application of dispersants and their suitability during future oil spills. The
analysis of the influence of different types of individual surfactants on the aerosolization via
bursting bubbles will provide insight into the fundamental contribution of these surfactants
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in the dispersants and it might be able to provide data to address potential issues of certain
surfactants in future formulations or applications.
In this dissertation, we investigated the effect of bursting bubbles on the ejection of pure
alkanes, oil, and dispersant components into the atmosphere. The effect of bursting bubble
on the transport of intermediate and semi-volatile pure alkanes, oil, and dispersant components was investigated and proved both experimentally and through molecular dynamic
simulation. In experimental part, pure alkanes, oil and/or premixed oil with Corexit 9500A
or 9527A at a dispersant-to oil ratio (DOR) of 1:100 and 1:20 were tested in a bubble column
reactor, containing salt solution, in separate experiments. Experiments were conducted both
in salt solution and in actual seawater. Salt solution was used to comply with our molecular
dynamic simulation results and sea water was used to study the possible effect of ions and
naturally occurring organic matter on the ejection rates of oil matter. The possibility of the
presence of non-volatile surfactant component of Corexit in aerosol samples, resulted from
oil and dispersant experiments, was investigated and the method for quantifying surfactants
in atmosphere was developed. The transport of sulfur species in the form of particles originated from both crude oil and dispersant was investigated by X-ray Absorption Near Edge
Structure (XANES) spectroscopy. The relative contribution of oil and dispersant on the ejection of sulfur species was determined with linear combination fitting (LCF) using spectra
of reference compounds (i.e. pure oil, pure corexit). The results show that dispersant use
enhances the ejection of intermediate/semi-volatile alkanes (IVOCs/SVOCs) via bursting
bubbles. Also, the possibility of adsorption of non-volatile sulfur species from both oil and
dispersant, at the surface of aerosols, was verified by XANES as it was also confirmed for
dispersant through the detection and quantification of surfactant components of Corexits in
the aerosol samples via LC-MS/MS.
Additionally, the effect of each individual surfactants within Corexit formula on emission
rate of oil matter was investigated through experimental studies and molecular dynamics
(MD) simulations. This study provide us with a better understanding of how those dispersant
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components in Corexit, especially major ionic and nonionic components like DOSS and Span
80, interacts with oil hydrocarbons at the air/salt water interface both at macroscopic and
molecular levels, thus providing crucial information on designing next generation dispersant
formula.
Also, atmospheric fate of the aerosol particles was investigated through exposing them
to solar radiation in a simulated solar photo-reactor to quantify the photo-degradation rate
of the organic compounds in the primary aerosols collected from the bubble column reactor
in the course of the experiment.

1.6

Organization of Dissertation

This dissertation is organized into 5 sections followed by a concluding section and possible
extensions to the research work. Also, contributions in terms of journal papers and conference presentations that have been made by the authors are also listed. The first chapter
gives a brief introduction and literature background about DWH oil spill, the contribution
of sea spray production by breaking waves in the transport of organic and surface-active
components into the atmosphere, highlights the importance of aerosolization with respect to
human health, and discuss the objectives and contribution of this research work.
Chapter 2 introduces our experimental set-up (bubble column reactor) for simulation
of aerosolization process by bursting bubbles in the laboratory followed by describing the
applied sampling methods including constant mass flow sampling nozzle and electrostatic
precipitator to collect the effluent of the reactor in the form of gas and/or particles. Further,
the methods of characterizing physical parameters within the reactor including the size
distribution of bubbles, particles, and salt ejection rates are presented. In addition, the
experimental procedure to assess the emission rate of alkanes and chemical analysis of reactor
effluent in the form of gas and particles are stablished and described.
Chapter 3 focuses on expanding the applied experimental procedure, developed and described in Chapter 2, to investigate the emission rate of pure alkanes and oil matter into the
12

atmosphere by bursting bubbles. Pentadecane (C15) was used as a representative of IVOCs
and alkane mixture was used as a representative of SVOCs. The emission rates of these
organic matter was measured and the viability of their presence in the atmosphere through
adsorption on the surface of bubbles was confirmed. These experiments set up a basis for the
oil and dispersant experiments where a complex mixture of organic matter (oil) with/without
dispersant are injected into the reactor. The ejection rate of alkanes were measured in both
gas and particle phases and compared against each other. The volatility-independency of
emission of SVOCs into the atmosphere was assessed. Scanning Electron Microscopy coupled
with Energy Dispersive X-ray Spectroscopy (SEM-EDS) was used to probe the association
of oil matter with salt particles.
In Chapter 4, the effect of oil dispersants which were used during DWH oil spill (Corexit
9500A and Corexit 9527A) on the emission rate of oil matter was investigated. Additionally,
the emission of surfactant content of Corexits was investigated and measured by LC-MS/MS
analysis of the reactor effluent. The contribution of oil and dispersant on the emission of
non-volatile sulfur containing species was studied via X-ray Absorption Near Edge Structure (XANES) spectroscopy along with linear combination fitting (LCF). To find underlying
reason for enhancement in the emission rate of oil matter by using dispersants, the mechanistic behavior of bubble bursting with/without dispersant was studied by high speed camera
(Dantec Dynamics M310 camera). Further, we studied the effect of each individual surfactant within Corexit on the emission of oil and dispersant components into the air which
shows the most and least effective surfactants in the emission of oil matter into the air and
dispersion of oil in the water column.
Chapter 5 investigates the atmospheric fate of oil containing aerosols under UV radiation
in the laboratory photo-reactor. Samples of oil containing aerosols was collected from the
reactor by electrostatic precipitator and were incubated in the photo-reactor in different
conditions to assess the effect of UV radiation, Hydroxyl radical, and Ozone on degradation
of oil matter.
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Chapter 6 concludes the research work presented in this dissertation. Further, possible future work and extensions to the current knowledge about the aerosolization of oil/dispersant
via bursting bubbles and breaking waves are suggested.
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Table 1.1: Investigations on the aerosol transport of different matter via bursting bubbles
Reference

Emitted matter

Investigation method

Blanchard (1964)

Surface-active organic material

Fine platinum wires were
used to collect salt particle
collected near shoreline

Blanchard (1983); Blanchard and Syzdek (1970);
Aller et al. (2005)

Bacteria, viruses

Laboratory
investigation
on jet drops produced in
beaker, aerosols produced
by sintered glass filter bubbling source, and natural
aerosols near shoreline

Barger and Garrett (1970)

Surface active organic compounds, nonpolar hydrocarbons, fatty acids (C14-C18)

In field collection of marine
aerosols on shallow trays
near the shoreline

Tseng et al. (1992)

Surface active organic compounds like oleic acids,
stearic acids, triolein, etc

Laboratory experiment in
acrylic test tank

Dissolved organic matter

Laboratory research vessel,
jet droplets collection on a
glass surface

McInnes et al. (2013)

Surface
active
organic
chemicals:
Nonylphenol
ethoxylates
(non-ionic
surfactants)

Laboratory, field measurements, and mathematical
modeling

Saint-Louis and Pelletier
(2004)

Tributyltin (organotin compound)

Experimental approach to
measure seawater to air flux
of Tributylin mediated by
bursting bubbles

Oppo et al. (1999)

Heavy metals (Cu, Cd, Pb,
Mn, Fe, Al) and K, Mg, Ca

In field collection of aerosols
by cascade impactor

Schmitt-Kopplin
(2012)

et

al.
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Chapter 2
Experimental Methods and Protocols
to Assess Aerosolization
2.1

Bubble Column Reactor (Aerosolization Reactor)

Aerosolization experiments were conducted in a laboratory-scale bubble column reactor (Figure 2.1) consists of 11.5 cm wide, 1.5 m long glass tube. The reactor incorporates an annular
shear sparger at the bottom to produce abundant small-sized bubbles by cylindrical porous
frit. An external peristaltic circulating pump (Masterflex I/P 77600-62, Thermo Fisher Scientific, Barrington, IL, USA) provides the liquid shear flow required for bubble production.
The reactor is equipped with a ring shaped air lift which helps in drying and lifting the
droplets, produced by bursting bubbles, to the top part of the reactor where they can be collected by an electrostatic precipitator (ESP; Ionic Spore Trap, DS Scientific, Baton Rouge,
LA, USA) or isokinetically by a constant mass flow air sampling system (Ehrenhauser et al.,
2014).

2.2
2.2.1

Sampling Methods
Isokinetic Sampling Nozzle

Sampling nozzle system mainly consists of: a conical shaped nozzle, a bubbler, and a suction
pump that are connected with a chemically inert PFA (Perfluoroalkoxy) tubing. The gas
and particle flow at the top part of the reactor is collected isokinetically, with the same
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Figure 2.1: Schematic of the bubble column reactor from Ehrenhauser et al. (2014) adapted
from Smith et al. (1996)
rate as they are rising within the reactor. The gas and particle stream is collected inside
the bubbler filled with a proper solvent. To obtain the ejection rate of salt, alkanes, and
surfactant components, the bubbler is filled with deionized water (DI water), ethyl acetate,
and isopropanol, respectively.

2.2.2

Electrostatic Precipitator (ESP)

To collect only particulate matter at the top part of the reactor, we used electrostatic precipitator (ESP; Ionic Spore Trap, DS Scientific, Baton Rouge, LA, USA). The ESP collect
particles by imparting electrostatic charge to them through stripping away electrons from
molecules within each particles. Then, the charged particles are attracted to a grounded
collection stub, which can be easily removed for the analysis. The collection stub that
we used was aluminum target. The target was used for two purposes: 1. Measuring the
size distribution of collected particles and their elemental overlay by scanning electron microscope coupled with energy dispersive x-ray spectroscope (SEM-EDAX, FEI Quanta, 3D
FEG, FIB/SEM dual beam operated at 20 kV) 2. Quantifying the ejection rate of salt,
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oil, and dispersant components. We put aluminum target in a mixture of ethyl acetate and
DI water so that organic fraction is dissolved in ethyl acetate and sodium chloride in DI
water. Then, we separate organic and aqueous phases by a separating funnel. The organic
phase is analyzed by either gas chromatograph coupled with mass spectrometry (GC-MS)
or gas chromatograph coupled with flame ionization detector (GC-FID). The conductivity
of aqueous phase is compared with conductivity of sodium chloride solutions of known concentrations and the amount of salt collected on aluminum target is quantified (Ehrenhauser
et al., 2014).

2.3

Experimental Protocol

The column is filled with about 5 L of either 3.5% (w/w) salt solution or actual seawater
collected from Gulf of Mexico, which exposes the air-salt water interface about 5 cm below the
airlift. The 3.5% salinity of the salt solution simulates the salinity of seawater (Ehrenhauser
et al., 2014; Millero et al., 2008). To optimize the reactor operating parameters including
Circulating pump, bubble air, and airlift flow rates for simulating the aerosol generation by
bursting bubbles and obtaining the reproducible results, the particle/bubble size distribution
and salt ejection rates within the reactor are measured in response to change in reactor
operating parameters. After setting the reactor operational parameters, the ejection rates
of alkanes as well as surfactant components of Corexit, depending on the experiment, are
measured and compared. Different mixtures of oil/dispersants/surfactants were injected into
the reactor by a syringe pump (KD scientific Model 210, Holliston, MA, USA). The injection
flow rates was increased gradually and stepwise from 1 to 50 µL/min to approximate the
transport capacity of the reactor for ejection of organic material.
At each injection rate, the effluent of the reactor was collected by sampling nozzle/ESP
and analyzed to obtain the physical and chemical properties of emitted gas and particle
phases (see Sections 2.4 and 2.5). Before starting the injection of alkanes/crude oil/crude
oil premixed with dispersants/surfactants into the reactor, when there is either salt water
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or seawater inside the reactor and the reactor is running under its operating parameters
(Bubble flow 5 L min−1 , shear flow 6.4 L min−1 , and air-lift flow 40 L min−1 ), blank samples
were collected by nozzle and ESP for 15 min and analyzed the same way as experimental
samples (see Section 2.5). The blank runs helped to ensure that the alkanes and surfactant
components found in aerosolized samples were only appeared as a result of the injection
of organic/inorganic matter into the reactor, not due to impurities which remained in the
reactor from previous experiments. Moreover, in oil premixed with dispersant/surfactant experiments, surface tension of the water inside the reactor was measured by Kruss tensiometer
(K14/141, Hamburg, Germany) to ensure that the surface of bubbles inside the reactor are
saturated with surfactant molecules and we have a steady emulsion of oil-water-surfactant
inside the reactor (see Section 2.4.4). The ejection rates of alkanes at each injection rate
was measured by gas chromatography coupled with flame ionization detector (GC-FID)/gas
chromatography coupled with mass spectrometry (GC-MS)(see Section 2.5.2). The ejection
rates of surfactant components of Corexits was obtained by liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS)(see Section 2.5.3).

2.4

Physical Characteristics of Generated Particles and Bubbles

Circulating pump, bubble air, and airlift flow rates are operating variables on our system.
We changed each of the operating parameters while keeping two other variables constant to
obtain the best conditions in which the reactor can reproducibly simulate aerosol production
by bursting bubbles. The circulating pump flow rate did not have discernible effect on bubble
and particle size distribution so we chose 6.4 LPM to ensure descent mixing and also prevent
extra strain on tubing which will cause frequent ruptures. Airlift flow rate does not have
significant effect on both particle and bubble size distribution, so we chose 40 LPM, the
highest tested airlift flow rate to ensure proper lifting and drying of particles. The results of
these experiments are shown in table 2.1. We chose the bubble-air flow rate of 5 LPM for
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our experiments as it provides us with more reproducible particle ejection rate (Ehrenhauser
et al., 2014).
Table 2.1: Physical characteristics of generated bubbles and aerosols from Ehrenhauser et al.
(2014)
Bubble-air flow rate [L min−1 ]

5

7

9

Circulating-liquid flow rate [L min−1 ]

6.4

6.4

6.4

Air-lift flow rate [L min−1 ]

40

40

40

Bubble diameter at the surface [mm]

10%ile
Median
90%ile

0.66
0.87
0.39

0.48
0.63
0.55

0.39
0.55
0.86

Particle diameter [µm]

10%ile
Median
90%ile

0.63
1.06
2.41

0.81
1.54
3.26

0.74
1.57
3.08

27.5±1.7

67.7±3.1

74.4±7.7

Ejection rate of NaCl [µg min−1 ]

2.4.1

Particle Size Distribution

To obtain the size distribution of generated particles, we used scanning electron microscope
(SEM). By SEM, we took images from ESP collected particles on Aluminum target. Figure 2.2 shows a typical picture of salt particles which were collected by ESP on aluminum
target, covered by carbon pad, for 10 minutes (see Chapter A for information on particle
size measurement by Image J). The particle size distribution was obtained by evaluation of
about 500 particles on the SEM image by data processing software ImageJ. The particle size
distribution does not change dramatically with bubble-air flow rate (see Table 2.1) and falls
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within the particle diameter range of 0.1-10 µm which is the size range of aerosols produced
by oceanic whitecaps (Andreas et al., 1995; Fairall et al., 1983; Lewis and Schwartz, 2004;
Deane and Stokes, 2002). Also, the effect of air-lift on particle size distribution was investigated by keeping bubble and pump flow rates at 5 and 6.4 L min−1 , respectively. Figure 2.3
shows the particle size distribution was not changed by varying air-lift flow rates.

(a) (a)

(b) (b)

Figure 2.2: (a) SEM image of emitted salt particles from the reactor. (b) SEM image of salt
particles analyzed by Image J program to obtain size distribution of particles.
Figure 2.4 shows the number fraction of particles for different diameter ranges at 5 LPM
bubble air flowmeter, 40 LPM air lift flow rate, and 6.4 LPM circulating-liquid flow rate.
22% of collected particles fall in the range of 0.9-1.1 µm and over 90% of collected particles
have diameter lower than 2.5 µm (PM2.5). As it was mentioned in Chapter 1, these particles
are associated with film droplets, generated from bursting bubbles, with diameter from 1 to
30 µm. Additionally, PM2.5 are fine particles that can be easily inhaled by human and have
a long lifetime from days to weeks and can be transported long distances from 100s to 1000s
kilometers (Fierro, 2000).
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Figure 2.3: Effect of air-lift flow rate on particle size distribution.

Figure 2.4: Number fraction of particles collected by ESP from reactor at different diameter
ranges.
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Figure 2.5: Bubble size distribution within the bubble column reactor.

2.4.2

Bubble Size Distribution

The bubbles pictures were taken at the air-water interface by a digital high speed camera
(Casio Exilim ZR1000, Norderstedt, Germany) and the diameter of about 200 bubbles were
evaluated manually by using Image J. As we increase the bubble air flow rate, bubbles become
smaller in size (see Table 2.1). Figure 2.5 shows the bubble size distribution in the reactor
at 5 LPM bubble air flow rate, 40 LPM air lift flow rate, and 6.4 LPM Circulating-liquid
flow rate.
Bubble size distribution inside the reactor provide a wide range of bubble sizes to capture
both film and jet droplet producing bubbles and fall within the range of bubbles produced in
the oceanic whitecaps (Blanchard, 1983; Han and Yuan, 2007). Due to the turbulence inside
the reactor and the effect of reactors wall, larger jet droplets either settle down inside the
water column or stick to the columns wall. Also, considering the size of collected particles by
ESP, they are generated almost from smaller film drops and have a higher potential for longranged transport and have implications for both the on shore and off shore environments
(Pöschl, 2005; Lewis and Schwartz, 2004).
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Figure 2.6: Effect of air-lift flow rate on bubble size distribution.
The effect of air-lift and pump flow rates on bubble size distribution inside the reactor
was assessed and it showed significant effect (see Figures 2.6 and 2.7).

2.4.3

Salt Ejection Rates

To determine the salt ejection rate from bursting bubbles, the constant mass-flow airsampling system was used. Sodium chloride particles were collected through a sampling
nozzle isokinetically. These particles were collected and dissolved in a bubbler filled with
deionized water. The amount of ejected salt is determined by comparing the conductivity
of the obtained solution in bubbler with the conductivity of standard salt solutions with
concentrations ranging from 0.6 to 56000 µg salt/g solution (Ehrenhauser et al., 2014). Figure 2.8 shows the calibration curve used to evaluate the ejection rate of salt particles. As it
is shown in Table 2.1, the salt ejection rate is directly related to the bubble air flow rate. As
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Figure 2.7: Effect of pump flow rate on bubble size distribution.
we increase the bubble air flow rate, more and smaller bubbles are produced at the constant
cross-section of the column.
Figure 2.9 shows qualitatively the increase in the salt particle production and consequently their ejection rates as we increase the bubble air flow rates inside the reactor, while
keeping air-lift and pump flow rates constant at 40 and 6.4 L min−1 , respectively.

2.4.4

Surface Tension Measurements

The Change in the surface tension of the water in oil premixed with dispersant/surfactant
experiments was tracked by sampling the water at different time periods and enabled us
to find the steady point of reactor where surface of bubbles become saturated with oil and
surfactants. Before reaching to saturation point of the reactor, there is a sharp decrease in
surface tension of water inside the reactor. But, when we get close enough to the steady
state ,where the surface of bubbles are saturated with oil and surfactants, the surface tension
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Figure 2.8: Conductivity measurements as a function of salt solution concentrations.

Figure 2.9: Effect of bubble air flow rate on salt particle production with the same collection
time (10 min). Bubble air flow rates from left to right: 5, 7, and 9 L min−1 .

26

will not change with time and injection of surfactants within the reactor. The Kruss tensiometer (K14/141, Hamburg, Germany) with a platinum ring was used for surface tension
measurements. The platinum ring was solvent-rinsed with deionized water, acetone, and
dichloromethane sequentially prior to use. All measurements were made at the controlled
temperature (25 ± 0.5◦ C) using an external water bath. Surface tension measurements
were performed in triplicate and the mean values and standard deviations reported (see
Section 4.6.3).

2.5

Chemical Analysis of Ejected Gas and Particles

Experimental samples were collected at the top of the reactor, 1m above the water surface by
sampling nozzle and ESP. The effluent of the reactor including both vapors and particles were
collected isokinetically for 15 min by a constant mass-flow air-sampling nozzle in a bubbler
filled with ethyl acetate for alkane analysis or isopropyl alcohol for surfactant analysis. The
ethyl acetate solution was weighted and dried over sodium sulfate to be prepared for the
analysis by GC-FID/GC-MS. To analyze intermediate and semi-volatile alkanes (>C15), we
needed to concentrate our samples by blowing them down using nitrogen gas. They were
concentrated about 1:20 of their initial solution weight and then injected into GC-FID/GCMS to obtain their alkane concentrations. The emitted particles from bursting bubbles were
collected for 15 min on an aluminum target and further analyzed for its organic and inorganic
contents. The Aluminum target was placed in a glass container covered by PTFE-lined caps.
DI water and ethyl acetate and internal standard were added to the container. The alkanes
content of collected particles is dissolved in ethyl acetate and the salt content is dissolved in
the DI water. After shaking the container and making sure the particles were dissolved in
solvents, we transferred the resulting two-phase solution into a 125 mL separatory funnel.
Care was taken to ensure that water is not taken along with the ethyl acetate.
During extraction, vigorous shaking is required to achieve full extraction. After separating organic and aqueous phases, the ethyl acetate fraction was analyzed by GC-MS/GC-FID
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to obtain the alkane concentration and their subsequent ejection rates while salt solution was
measured by conductivity meter to obtain the salt concentration. The surfactants content of
collected particles was measured the same way as alkanes but the isopropyl alcohol was used
instead of ethyl acetate and the resulting solution was analyzed by LC-MS/MS. The collected
particles by ESP were also analyzed for the elemental identification of ejected particles by
SEM-EADX and sulfur-containing species of oil and dispersant with X-ray Absorption Near
Edge Structure (XANES) spectroscopy.

2.5.1

Chemicals and Oil Samples

Pure alkanes were used as received without further purification. Pentane (C5) was purchased
from Avantor Performance Materials (Center valley, PA, USA). Decane (C10), Pentadecane
(C15), Eicosane (C20), Pentacosane (C25), Triacontane (C30), Pentatriacontane (C35), and
Tetracontane (C40) were purchased from Sigma Aldrich (St Louis, MO, USA). Oil mousse
was collected from a beach near Port Fourchon, LA, USA. The Sodium chloride was obtained
from Fisher Scientific (Fair Lawn, New Jersey, USA) and Sodium sulfate was purchased from
Mallinckrodt Chemicals (St Louis, Mo, USA). Louisiana Sweet Crude oil was provided by the
BP Gulf Coast Restoration Organization (Houston, TX, USA). Corexit 9500A and Corexit
9527A were used as received and were provided by Nalco Environmental Solutions, LLC
(Sugar Land, TX, USA). Reference standard solutions for alkanes and methyl decanoate,
methyl arachidate, and methyl octacosanoate were purchased from Sigma Aldrich (St Louis,
MO, USA) and were used as received. Bis-(2-ethylhexyl) sodium sulfosuccinate (DOSS) were
obtained from Sigma Aldrich (Saint Louis, MO). Details about the crude oil and Corexits
are available from their providers, BP and Nalco (Ehrenhauser et al., 2014). Seawater was
collected from Gulf of Mexico near Destin, Florida. Isopropyl alcohol was obtained from
Avantor performance materials (Center valley, PA, USA).
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2.5.2

GC-FID/ GC-MS Analysis

Experimental samples in ethyl acetate, collected by both ESP and nozzle, were dried over
sodium sulfate and further analyzed by GC-FID/GC-MS to obtain their alkane content
concentrations. In GC-FID analysis, the samples were analyzed on an Agilent 5890 II GCFID with a 1 µL splitless injection onto a DB-1HT (JW Scientific, Folsom, CA, USA) 30
m×250 µm×0.1µm capillary column. The operating condition were as follow: Helium was
used as a carrier gas. The split less injection was used at 300 ◦ C. The oven temperature
program was 1.4 min at 50 ◦ C, then ramped to 350 ◦ C at 20 ◦ C min−1 and held for 3 min
(Ehrenhauser et al., 2014). Concentrations were determined by using EPA SW-846 method
from external calibration standards with a calibration range of 0.02 to 42.40 ng/µL.
In GC-MS, the samples were analyzed with an Agilent 6890 GC-MS (Agilent Technologies, Wilmington, DE, USA) with a 1 µL splitless injection onto a HP-5msUI (Agilent)
30m × 250µm × 0.25µm column with a trap column (5m × 250µm × 0.25µm) of identical
surface chemistry. UHP Helium (Airgas, Baton Rouge, LA, USA) as mobile phase was provided at a linear velocity of 36 cm/sec. The injection was conducted splitless at 300 ◦ C. The
oven program started at 50 ◦ C for 5 min with a 10 ◦ C min−1 to 300 ◦ C and 24 min hold.
Methyl arachidate and methyl octacosanoate, obtained from Sigma Aldrich (St. Louis, MO,
USA), were used as internal standard for quantification. The mass spectrometer detected
alkanes by monitoring the fragment ions at a m/z of 57 and 85 and the internal standard
compounds by monitoring m/z of 74 and 87 (Ehrenhauser et al., 2014). Also, standards for
calibration were used in each batch of experimental samples to control the performance of
the GC-MS/GC-FID analysis.

2.5.3

LC-MS/MS Analysis

The LC-MS/MS analysis of surfactant components of aerosol samples were conducted in
Oregon State University in Dr. Fields laboratory. Aerosol samples were stored at -20◦ C
until analysis. Samples were diluted 0 to 100 fold and chromatographic separation of the
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surfactant components of Corexit was performed as described by Place et al. (2014), with
minor modification. Agilent Proshell 120 EC-C18 guard column (4.6 mm ID, 5 mm length,
2.7 µm particle size) was used as a post purge guard column. An EC-C8 guard column for
the analysis of non-ionic surfactants or EC-C18 for the analysis of DOSS was placed in front
of a 30 mm Agilent XDB C8 or C18 analytical column (4.6 mm ID, 20 mm Length, 3.5 mm
particle size; Agilent, Santa Clara, CA).
The initial mobile phase condition was at a flow rate of 1.0 mL min−1 with 97.5 % ammonium acetate in water (0.5 mM). The initial condition was held for 5.6 minutes and the
percent of acetonitrile was increased gradually to 97.5 percent and again turn back to 2.5
percent. The total run time was 20 minutes. During the analysis of the nonionic surfactants, the mobile phase was directed through an Agilent thermostatted column compartment
(G1316A) and heated to 40 ◦ C. Tandem quadrupole mass spectrometric detection was performed using a Waters Aquity Tandem Quadrupole mass spectrometer (Framingham, MA)
as described by Place et al. (2014). Additionally, the mass range of the scanned ions used
to quantify Tween 80 and Tween 85 was set on m/z 530-930.
Calibration curves consisted of at least 5 standards and required a correlation coefficient
of 0.99 or greater to be used for quantification. Calibration curves spanned from the lower
limit of quantification to the upper limit of quantification: for DOSS (0.2-25 µg L−1 ), α/βEHSS (0.2-23 µg L−1 ), Span80 (60-300 µg L−1 ), Tween 80 (60-300 µg L−1 ), and Tween 85
(60-300 µg L−1 ). Each calibration standard was made in a mixture of 25% Instant Ocean
salt mix (IO) and 75% isopropanol (IPA) and spiked to give a final concentration of 500 ng
L−1 13C4DOSS. Blank and check standards were run every eight samples and were used for
quality control purposes. Check standards consisted IO-IPA spike with 500 ng L−1 DOSS
and 80000 ng L−1 of Tween 80, Tween 85, and Span 80. All blank QC fell below the limit
of detection (Place et al., 2014).
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2.5.4

Calculation of Ejection Rates and Uncertainty

Concentrations of alkanes and surfactants, procured by running the samples through GCFID/GC-MS and LC-MS-MS, respectively, and comparing with calibration curves of standards, were used to obtain their emission rates (µg/min) by having the volume of their
containing solution and their sampling time. The Ejection rates of alkanes/surfactants are
reported as the average of the ejection rates for duplicate samples and errors are reported
as a standard deviation. For oil and oil premixed with Corexit 9500A experiment at the
dispersant-to-oil ratio (DOR) of 1:100, which were reported in Ehrenhauser et al. (2014),
the uncertainty was reported as the standard deviation of the ejection rate of each alkane in
triplicate samples and propagated in four groups of alkanes (C10-C14, C15-C19, C20-C24,
C25-C29). The calculated coefficient of variance for each group of alkanes at both 20 and 50
µL/min injection rates were: below 10% for (C10-C14) and (C15-C19) groups, and below
35% for (C20-C24) and (C25-C29) groups. In the current study, by conducting duplicate
measurements at 20 and 50 µL/min in ESP and nozzle collection, the RSD value for all
groups of alkane fall within the range of triplicate measurements mentioned above. Regarding the surfactant ejection rates, there is a higher uncertainty associated with our data which
might be resulted from the surface active nature of these compounds.

2.5.5

XANES Analysis

The aerosol sample, collected by the ESP, in Oil premixed with Corexit 9500A experiment
at the dispersant to oil ratio of 1:20 was prepared by scraping the salt particles from the
aluminum target and spreading this material on Kapton tape. X-ray Absorption Near Edge
Structure (XANES) spectroscopy measurements at sulfur (S) K-edge (2472 eV) were carried
out at the low energy X-ray absorption spectroscopy (LEXAS) beamline, at the Center for
Advanced Microstructures and Devices (CAMD), Baton Rouge, USA with a storage ring energy of 1.3 GeV using InSb(111) crystals in the Double crystal monochromator. Calibration
at S- K-edge was performed by setting the White Line maximum of ZnSO4 to 2481.4 eV. This
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calibration is permanently used by the Bonn synchrotron radiation group at low energies (R.
Chauvistré, 1992). All measurements at low energies were performed under reduced pressure
with 44 Torr at S- K-edge air inside the beamline and the ionization chambers (Chauvistré,
1987). A single element silicon drift detector with 80 mm2 area and zirconium collimator,
positioned at 90◦ to the incident beam was used as detector for the fluorescence radiation.
Spectra of the aerosol sample, Louisiana sweet crude oil, Corexit 9500A, and sea water were
recorded in fluorescence mode and spectra of the standard sample (i.e. zinc sulfate) were
recorded in transmission mode. The parameters used for S K-edge XANES were 2440 to
2465 eV step size of 0.5 eV, 2465 to 2485 eV step size of 0.1 eV, and 2485 to 2520 eV step size
of 0.3 eV. All XANES spectra were processed in the standard way regarding normalization,
removal of low energy background, and linear combination fitting (LCF) using the Athena
software of the DEMETER package (Ravel and Newville, 2005).
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Chapter 3
Aerosolization of alkanes (pure, mixture, oil components)
3.1

Introduction

During DWH oil spill vast quantities of crude oil was released into the deep-sea environment.
About 5% of the leaking mass, consisting of insoluble and volatile mixtures, was evaporated
and about 10% of the leaking mass, consisting of insoluble and non-volatile mixtures, formed
surface slick (Ryerson et al., 2012). The fate and transport of spilled oil was investigated in
different environmental sections (air, water, sediment, and biota) (Graham et al., 2010; Spier
et al., 2013; Mendelssohn et al., 2012; Middlebrook et al., 2012). However, the atmospheric
transport of the spilled oil was limited to only evaporation which is a volatility dependent
pathway. In this work, different samples of oil including oil mousse, tar balls, crude oil were
tested for their alkane content and their alkane signature in the atmosphere via bursting
bubbles in the laboratory-scale aerosolization reactor. Measuring the alkane concentration
in both gas and particle phase showed the volatility and solubility independent presence of
semi and non-volatile alkanes content of crude oil in the atmosphere through aerosolization
(Ehrenhauser et al., 2014).
Scanning electron microscope coupled with energy dispersive X-ray images identified the
ejection of carbon fraction from crude oil along with salt particles of aerosols (Ehrenhauser
et al., 2014). Also, in theoretical molecular dynamics simulations, the free energy profiles
of intermediate/semi-volatile oil components were determined by Potentials of Mean Force
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(PMF) calculation, associated with moving one molecule of interest in the water phase and
gas phase (air) and across their interfaces. Obtaining and comparing the minimum of free
energy profiles for oil components at the air-water interface suggest the stability of these
compounds at the interface and explain the enrichment of droplets produced by bursting
bubbles with oil/dispersant compounds (Liyana-Arachchi et al., 2014).

3.2

Testing the Source Oil

Three sources of oil were tested for their alkane contents. Two sources of oil were collected from the Fourchon Beach one month after the spill including oil mousse and tar balls.
Louisiana Sweet Crude oil was the third source which was provided by the BP Gulf Coast
Restoration Organization.
Table 3.1: Overview of oil spill samples
Sample

Description

Date taken

Tar balls

Sandy brown pebbles, sizes vary from small pieces
of a few mm up to 25 mm, density (after sand
removed) is higher than gulf water

05/20/2011

Oil mousse

Coffee brown caramel like mass, density lower than
gulf water

05/20/2011

Sweet crude oil

Brown to black liquid with density lower than gulf
water

04/25/2012

The samples were analyzed with GC-MS/GC-FID. The tar balls and the oil mousse were
dissolved in dichloromethane (DCM), filtered and dried with anhydrous sodium sulfate. The
crude oil sample was dissolved in ethyl acetate. Figure 3.1 shows the GC-MS chromatogram
of the filtered, dissolved oil mousse. The major peaks correspond to n-alkanes, labeled in the
figure with their corresponding carbon number. Additionally, some peaks with m/z ratios
corresponding to polycyclic aromatic hydrocarbons was identified, in particular phenanthrene (m/z 178), pyrene or fluoranthene (m/z 202) and triphenylene (m/z 228). The mass
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Figure 3.1: GC-MS chromatogram of filtered DCM solution of oil mousse.
spectrometer also allows the detection of compounds with a m/z ratio of the alkylated counterparts of the parent-PAH, however their identification is at best a very tentative one, as
their presence would require either evaluation via HPLC and UV spectral confirmation or
the gas chromatographic comparison with individual reference standards.
Figure 3.2 the GC-MS chromatogram of the filtered, dissolved tar ball. Based on this
chromatogram it seems that the tar ball is not amenable towards GC-MS analysis, as there
are no peaks observable. The significant difference between oil mousse and tar ball chromatogram is the complete lack of alkanes in tar ball chromatogram. It is likely that the tar
ball consist of predominantly very polar and/or large matter which cannot be assessed via
GC-MS.
Figure 3.3 shows the chromatogram of Louisiana crude oil provided by BP Gulf Coast
Restoration. The major components of crude oil are alkanes and since they cover whole
range of volatility and enable us to differentiate between different classes of compounds with

35

Figure 3.2: GC-MS chromatogram of filtered DCM solution of tar ball.

Figure 3.3: GC-FID chromatogram of the crude oil.
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Figure 3.4: Schematic overview of sample preparation for fractionation of oil mousse and tar
ball.
respect to their volatility, we chose them as our analyte of interest. Moreover, the major
components of the oil mousse are alkanes, whose dominance prevents further analysis. As
such further differentiation of the sample was of interest to elucidate on the constituents.
The dichloromethane solution of the tar ball and the oil mousse were fractionated by opencolumn normal-phase chromatography following the procedure of (Mills et al., 1999). This
fractionation delivers three fractions: the pentane fraction containing alkanes and small
aromatics, the pentane/DCM fraction containing aromatic compounds and large alkanes
and the DCM phase containing large aromatic and polar compounds.
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Figure 3.5: GC-MS chromatogram of the pentane fraction of the fractionated oil mousse.

3.2.1

Fractionated Oil Mousse Analysis

The major fraction of the oil mousse is the pentane fraction. Figure 3.5 shows the GC-MS
chromatogram of the pentane fraction of the oil mousse. The dominant components are
alkanes starting with C15 up to C29. Figure 3.6 shows the GC-MS chromatogram of the
pentane/DCM fraction of the fractionated oil mousse. The identified components incorporate
some very large alkanes up to C43. The previously seen PAH are also found in this fraction.
Additionally, there are some sulfur containing compounds, which were tentatively identified
by their mass spectrum. These sulfur containing compounds are known to be part of the
crude oil.
Figure 3.7 shows the GC-MS chromatogram of the DCM fraction of the fractionated oil
mousse. The trace looks somewhat similar to the pentane/DCM fraction and did not yield
any new components based on the GC-MS analysis.
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Figure 3.6: GC-MS chromatogram of the pentane/DCM fraction of the fractionated oil
mousse.

Figure 3.7: GC-MS chromatogram of the DCM fraction of the fractionated oil mousse.
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Figure 3.8: GC-MS chromatogram of the pentane fraction of the fractionated tar ball.

3.2.2

Fractionated Tar ball Analysis

A tar ball sample was subjected to the same analytical procedure as the oil mousse. Figure 3.8
depicts the pentane fraction of the dissolved tar ball. As is evident from the chromatogram
it is practically void of alkanes, although a miniscule amount could be detected.
Figure 3.9 shows the pentane/DCM fraction of the dissolved tar ball and it shows great
similarity with the same fraction of the oil mousse. The same sulfur containing compounds
are present, however the large alkanes are absent in this chromatogram.
Figure 3.10 illustrates the GC-MS chromatogram of the DCM fraction of the separated
tar ball solution. Again, the striking similarity of the tar ball to the oil mousse is obvious.
In general, a significant similarity between the oil mousse and the tar ball can be seen
through the sulfur compounds, however there is actually very little material amenable to GCMS analysis, indicating that the majority of the tar ball is either significant polar material
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Figure 3.9: GC-MS chromatogram of the pentane/DCM fraction of the fractionated tar ball.

Figure 3.10: GC-MS chromatogram of the DCM fraction of the fractionated tar ball.
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and/or very large molecules, which either do not volatilize in the GC or cannot pass the
silica cleanup step.
As it can be clearly seen, although the samples are quite different in their physical constitution, the only definitive difference (with the GC-MS analysis) is the alkane content. The
oil mousse is a typical crude oil with a high alkane content, however void of any volatiles,
whereas the tar ball exhibits nearly complete lack of alkanes. The volatiles, although normally expected in light crude, are most likely lost during the long journey to the shore and
the relatively high temperature of the Gulf of Mexico, allowing any volatiles to escape already
close to the spill site. The lack of alkanes in the tar ball is a more complicated matter. As it
is unlikely to have an inhomogeneous ejection of material (oil + tar balls), it is more likely
that the spilled crude oil transformed from oil mousse to tar balls during transport to the
shore. Particularly, the large similarity of the sulfur containing compounds (pentane/DCM
and DCM fractions) are indicative of transformation. There are several mechanism, which
could be responsible for the transformation:
-Evaporation
-Dissolution
-Adsorption to solid material
-(Photo)Oxidation
-Conversion by microorganism
-Selective or unselective ejection by physical processes e.g. bursting bubbles
Evaporation and dissolution alone are insufficient to explain the transformation of oil
into tar balls as the vapor pressure of the found alkanes and also their aqueous solubility is
too low. The alkanes found in the oil mousse are more wax like substances than actual oily
substances and as such non-volatile and insoluble in water. The solubility is also unlikely to
account for a significant loss of alkanes as the analysis of the simultaneously taken gulf water
samples did not reflect the alkanes distribution in the oil mousse. Also, the adsorption to free
floating particulate matter such as plant material in the gulf water does not seem to be the a
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significant contributor for the removal of alkanes from the oil mousse, as the analysis of the
unfiltered gulf water did not show many of the expected alkanes. (Photo)Oxidation of the
alkanes to more polar compounds could account for some of the loss of alkanes, however the
heterogeneous character of the mixture would make this a rather slow process. Conversion
of crude oil by microorganism has been suggested as a potential major route for the missing
oil, however the heterogeneous character of the pollution would limit this process.
Ejection by a physical process has so far been neglected in literature as a significant
process for transport of organic matter, however it is one of the processes with the most
potential. Especially bursting bubbles, caused by breaking waves, could be a significant
contributor for the alkanes removal from the oil mousse. In the bubble column reactor,
an abundant area of air-water interface provides the suitable condition for adsorption of
non-polar and hydrophobic components of oil at the air-water interface and their subsequent
transport into the air in the form of aerosols (Ehrenhauser et al., 2014; Valsaraj, 2012; Ebben
et al., 2013).

3.3

Ejection of Alkanes in the Form of Aerosol from Oil Mousse

To test for the transport of organic matter through bursting bubbles, a controlled amount of
oil mousse (approximately 1 g) was liquefied by warming to 40◦ C and injected into the bubble
column reactor (Ehrenhauser et al., 2014). The air bubbles carried the oil to the surface and
particulate matter escaped the body of water when the bubbles bursted. The tiny droplets
dried up in the air lift and the dried particulate matter rose until it was captured in the
electrostatic precipitator. The captured particulates were analyzed via GC-MS.
Figure 3.11 shows the GC-MS chromatogram of the collected aerosol from the bubble
column reactor, when the oil mousse is added. It can be clearly seen that the found alkanes
distribution reflects the alkane distribution in the added oil (Figures 3.1 and 3.5). This
identical distribution of alkanes in oil mousse source and the aerosol phase rule out the
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Figure 3.11: GC-MS chromatogram of collected aerosol with oil mousse into the reactor
(Ehrenhauser et al., 2014).
evaporative transport vector as the alkane distribution in the aerosol phase does not shift to
the volatile compounds.

3.4

Preliminary Experiments on Pure Alkanes

To study the ejection rates of organic material by bursting bubbles, different experiments
were conducted. During these experiments, alkanes were injected into the reactor by a
syringe pump (KD scientific Model # 210, Holliston, MA, USA). As preliminary experiments,
we injected C15 (Pentadecane) as a representative compound for intermediate-volatile oil
compounds into the reactor. Afterward, we tested a mixture of 50% (w/w) C15 and 50% C5
(Pentane) to see if an addition of a volatile compound like C5 will affect the ejection rate of
the intermediate-volatile compound, C15. Then, an alkane mixture which consists of 17.1%
C15, 0.76% C20 (Icosane), 1.32% C25 (Pentacosane), 2.76% C30 (Triacontane), 0.21% C35
(Pentatriacontane), and 0.22% C40 (Tetracontane) dissolved in 77.63% C10 (Decane) was
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tested to see if we can detect non-volatile pure alkanes in the atmosphere and solidify our
assumption of their adsorption at the air-water interface and their subsequent transport to
atmosphere by bursting bubbles.

3.4.1

Pentadecane (C15) Ejection Rates by Bursting Bubbles

Two experiments were conducted separately. In one experiment, we injected only C15 into
the bubble column reactor to see the contribution of aerosolization via bursting bubbles in
the transport of an intermediate-volatile organic compound to the atmosphere and also to
find the point where the column reaches to its maximum transport capacity. Afterward, we
injected a solution containing 50% (w/w) of each pentane (C5) and C15 to see if the addition
of a volatile and soluble compound like C5 will affect the aerosolization of C15. Figure 3.12
shows the ejection rate of C15 in both experiments vs. C15 injection rate.
At initial injection rate until 20 µL/min, there is a direct relation between injection rate
and ejection rate, then the ejection rates of C15 starts to flatten out because of limited
capacity of the surface area of generated bubbles to eject alkanes and more widely speaking
organic matter upon bursting. Comparison between obtained graphs for two experiments
shows that the addition of a volatile compound like C5 does not affect the ejection of C15.
This result shows the possibility of testing the ejection of heavier and non-volatile alkanes by
using a solvent like C5 which does not interfere with their adsorption on air-water interface
and ejection into the atmosphere.

3.4.2

Alkane Mixture Ejection Rates by Bursting Bubbles

A mixture of alkanes containing 17.1% (w/w) C15, 0.76% C20, 1.32% C25, 2.76% C30, 0.21%
C35, and 0.22% C40 dissolved in 77.63% C10 was prepared. The mixture was injected into
the bubble column reactor. Figures 3.13 and 3.14 show the ejection rate of each components
of the mixture at different injection rates. In this experiment, C10 was used as a solvent for
dissolving solid alkanes. Since the non-volatile alkanes do not either evaporate or dissolve
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Figure 3.12: C15 ejection rates vs. C15 injection rates.
in the salt water, there should be another transportation pathway responsible for their
ejection. In aerosolization process via bursting bubbles, we encounter the air-water interface
with high surface area. So, the adsorption of organic matter at the air-water interface can to
be considered as a viable surface driven process (Valsaraj, 2012). This process is specifically
significant for hydrophobic and surface active compounds (McInnes et al., 2013; MacIntyre,
1972; Ebben et al., 2013).

3.4.3

Ejection of Alkanes in the Form of Aerosol from Crude Oil

In order to understand how bursting bubbles contribute in the transport of crude oil alkanes
into the atmosphere, Louisiana crude oil was injected into the reactor stepwise from 1 to 100
µL/min. The injection rate was set from 1 to 100 µL/min. Meanwhile, at each injection rate,
both gas and particle phase samples were collected for 15 minutes by sampling nozzle and
ESP and analyzed by GC-FID and GC-MS to evaluate their alkanes content (See Sections 2.2
and 2.5 for sampling techniques and chemical analysis).
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Figure 3.13: Ejection rates of non-volatile alkanes vs. injection rates of alkane mixture.

Figure 3.14: Ejection rates of C10 and C15 vs. injection rates of alkane mixture.
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Figure 3.15: Ejection rates of alkanes from Louisiana crude oil.
The alkanes were categorized in four groups which cover the whole range of volatility: C10-C14 which are the volatile compounds, C15-C19 which are intermediate-volatile,
C20-C24 and C25-C29 as semi and non-volatile components of crude oil. In the bubble
column reactor, there are two important transport pathways available for organic material:
evaporation and surface adsorption. As bubbles rise in the bubble column reactor, volatile
compounds partition into the bubbles. The extent of this partitioning can be determined by
Henrys law. The non-volatiles compounds with lower vapor pressure partition on the surface
of bubbles upon interfacial adsorption (Ehrenhauser et al., 2014; Smith et al., 1996; Karger,
1972).
In Figure 3.15, C10-C14 group was scaled on the right axis and this group of volatile
alkanes are ejected through evaporation process. The column has a higher capacity for
ejection of volatile compounds as the ejection is governed by the evaporation process which
is linked to the gas stream flow inside the column. The ejection rate of the intermediate-
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volatile alkane group, C15-C19, is about an order of magnitude higher than the semi/nonvolatile groups since these compounds are more prone to evaporation due to their higher
vapor pressure (Ehrenhauser et al., 2014). The column has a lower capacity for ejection of
semi/non-volatile compounds which can be related to limited surface area of bubbles that
is available for surface adsorption. However, the non-volatile compounds are still detectable
even at injection rates as low as a few µL/min (Ehrenhauser et al., 2014).

3.4.4

Aerosolization as a Volatility-independent Transport Vector

In order to assess the volatility independence of aerosolization of oil matter via bursting
bubbles, the data for surrogate oil experiment were used to obtain Figure 3.16. The y-axis
is the concentration of alkanes either in gas phase (vapor + particulate matter) collected
by sampling nozzle or only in particle phase collected by ESP divided by the concentration
of alkanes in surrogate oil. So, y-axis represents a volatility coefficient graphed vs. vapor
pressure (Ehrenhauser et al., 2014; Ambrose and Walton, 1989; Chickos and Hanshaw, 2004).
As it is shown in Figure 3.16, volatility of alkanes from C10 to C18 linearly depends on vapor
pressure. So, we can conclude that the major transport vector for C10-C18 is evaporation.
But, the concentration of alkanes from C19 to C28 either in gas phase or in particulate
matter phase is totally independent of vapor pressure which highlights their transport to the
atmosphere by adsorption on bubbles surface followed by ejection through droplet formation
upon bursting bubbles.
Also, it can be inferred from Figure 3.16 that the ejection of semi/non-volatile alkanes
into the atmosphere occurs in the form of particles since the data points obtained by ESP
and nozzle mirror each other for C20-C28 alkanes. The lower ejection rate for ESP collected
data can be attributed to the collection efficiency of electrostatic precipitator (∼60%). To
obtain the elemental overlay of emitted particles from bursting bubbles in both salt water
and seawater, we used the Scanning Electron Microscope (SEM) integrated with Energy Dispersive X-ray Spectroscopy (EDS) system (SEM-EDAX, FEI Quanta, 3D FEG, FIB/SEM
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Figure 3.16: Ratio of the concentration of alkanes in gas phase or in particle phase to the
concentration of alkanes in surrogate oil vs. the vapor pressure.
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Figure 3.17: Collected salt particles by ESP: (a) SEM image and (b) elemental composition
(EDAX mapping) (Ehrenhauser et al., 2014).
dual beam operated at 20 kV). Base on the SEM-EDAX image, shown in 3.17, particles
ejected into the air by bursting bubbles consist of salt and organic material, which is originated from the crude oil. The carbonaceous fraction is associated with salt particles and
located on the edge of the particles (Ehrenhauser et al., 2014).
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Chapter 4
Aerosolization of Oil Alkanes along with
Dispersants/Surfactants
4.1

Introduction

During the 2010 Deepwater Horizon (DWH) oil spill, an estimated amount of 4.9 million
barrels of crude oil were released into the Gulf of Mexico, and as one of the first response,
an unprecedented amount of 1.8 million gallons of dispersants (Corexit 9500 and Corexit
9527) were employed both undersea and on the sea surface (Modini et al., 2013).However,
the controversy of utilizing chemical dispersant in marine environment has never come to end
due to its unpredicted influence on local ecosystem. Oil dispersants are mixtures of solvents
and surfactants that are used as one of the ways to combat off-shore oil spills. Table 4.1
adapted from (Hayworth and Prabakhar Clement, 2012) shows the chemical composition of
Corexit 9500A and Corexit 9527A.
Current dispersants formulations, Corexit 9500A and Corexit 9527A, have improved in
terms of safety and effectiveness in dispersing the oil compared to the older generation
used in the Torrey Canyon oil spill incident in 1967, which contains aromatic and toxic
solvents (Report, 1989). The environmental fate of the surfactants in Corexit is still under
study because the application of Corexit to oil spills requires potential ecological trade-offs
(Almeda et al., 2014; Wise et al., 2014; Coelho et al., 2013; Peterson et al., 2012). Since
2010, the occurrence of Corexit surfactants in the water column (Gray et al., 2014; Place
et al., 2014; Kujawinski et al., 2011) and Gulf of Mexico sediments (White et al., 2014)
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Table 4.1: Chemical composition of Corexit 9527 and Corexit 9500.
CAS† number Chemical name
57-55-6
Propylene glycol
111-76-2
2-Butoxyethanol‡
577-11-7
Dioctyl sodium sulfosuccinate (DOSS)
Sorbitan
1338-43-8
monooleate (Span 80)
9005-65-6
Polyoxyethylene (20) sorbitan monooleate (Tween 80)
Polyoxyethylene (20) sorbitan
9005-70-3
trioleate (Tween 85)
29911-28-2
2-Propanol,1-(2-butoxy-1-methylethoxy)
64742-47-8
Distillates (petroleum), hydrotreated light
†:Chemical Abstracts Service
‡: 2−Butoxyethanol is not included in the composition of Corexit 9500

Solvent/Surfactant
Solvent
Solvent
Surfactant
Surfactant
Surfactant
Surfactant
Solvent
Solvent

were documented and processes were investigated that affect the fate of the primary anionic
surfactant in Corexit, dioctyl sulfosuccinate (DOSS) including biodegradation (Campo et al.,
2013), photolysis (Glover et al., 2014), and sorption onto sediments (Zhao et al., 2015).
Although the effect of surfactants on solubilization of organic matter has been extensively studied (Valsaraj et al., 1988; Kommalapati et al., 1997; Edwards et al., 1991; Lo and
Lee, 1996), there are no significant studies on the role of Corexit containing surfactants in
adsorption and transport of intermediate and semi-volatile oil matter via bursting bubbles
into the air in a laboratory scale, and little has been done on studying the air/salt water
interfacial properties of Corexit components with MD simulation (Habartová et al., 2013).
In the current study, we measured the emission rate of alkanes and surfactants as a function
of injection rates at the dispersant-to-oil ratio of 1:100 and 1:20. Both Corexit 9500A and
9527A were tested in salt solution to compare to the earlier work by Ehrenhauser et al.
(2014), which was conducted in salt solution. Afterward, the oil and dispersant experiments
were conducted in actual seawater (from the GOM) to be more representative of the natural
environmental conditions. To ensure stability of the reactor and observe emulsion and micelle formation, surface tension of the emulsified mixture within the reactor was measured
throughout the experiments.
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Additionally, the possibility of direct emission of Corexit components via bursting bubbles
was assessed through LC-MS-MS analysis of the reactor effluent. We also investigated the
extent of individual surfactant influences on atmospheric transport of oil/dispersant matter.
The major Surfactants within Corexit are commercial surfactants such as DOSS, Span 80,
Tween 80, and Tween 85. These surfactants help in breaking down the oil into smaller
droplets by reducing the oil/water interfacial tension (Lessard and DeMarco, 2000; ITOPF,
2015). The same moles of each surfactant (3.5 mmol) were mixed with surrogate oil and
injected into the reactor at saturation point of the reactor in separate experiments. Gas and
particle phases were collected at the reactor outlet. The collected effluent was analyzed and
compared for its alkane and surfactant content.
Along with experimental approach, classical molecular dynamics (MD) simulations were
conducted to study how different Corexit components influence the process of oil ejections
by bubble bursting and whitecaps phenomenon. Specifically, we used DOSS and Span 80 as
the representatives of ionic and non-ionic components contained in Corexit 9500 respectively,
and linear alkanes from n-pentadecane to n-triacontane (C30) were used as representatives of
heavier IVOCs and SVOCs in Louisiana sweet crude oil. Simulations were performed along
with the experimental studies, in order to provide a molecular-level insight from thermodynamic point of view into the phenomenon observed in the air/seawater interfaces present in
sea spray, whitecaps, film and jet droplets (Andreas et al., 1995; MacIntyre, 1972).

4.2
4.2.1

The Effect of Dispersants on the Ejection Rates of Alkanes from Salt water
Oil Premixed with Corexit 9500A (DOR 1:100)

In order to investigate the effect of bursting bubbles in the transport of oil and dispersant
material into the atmosphere and compare the ejection rates of alkanes with and without
dispersant effects, series of experiments were conducted. In one experiments, surrogate oil
and in the other surrogate oil+1% (w/w) Corexit 9500A were injected into the reactor. The
gray graph related to the injection of only crude oil into the reactor was showed and described
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in Section 3.4.4. The injection rate was set from 1 to 100 µL/min and both gas phase and
particle phase samples were collected and analyzed by GC-FID and GC-MS to obtain their
alkanes content. Figure 4.1 adapted from Ehrenhauser et al. (2014) shows the ejection rates
of alkanes from C10 to C29 sampled by the nozzle vs. surrogate oil injection rate.
The colored graph which is overlaid with the surrogate oil ejection graph is related to the
experiment that the oil was premixed with 1% (w/w) Corexit 9500A, the major dispersant
used during DWH oil spill. We see a significant increase in ejection of alkanes when dispersant
was used. Figure 4.2 depicts the increase in alkane ejection rate when we use 1% Corexit
9500A at 50 µL/min. In Figure 4.2, we can clearly see at injection rates lower than 20
µL/min, the presence of dispersant does not make a significant change in the ejection rates
of alkanes. This is not surprising since the reactor is not saturated and the ejection rate
linearly changes with injection rate. When the reactor becomes saturated, the Corexit
9500A seems to enhance the transport across the oil-water-bubble interfaces and potentially
increase the adsorption of oil matter at the air- salt water interface. Since both of these
transport processes are surface driven, the ejection of non-volatile compounds, C20-C28 is
more affected and enhanced when dispersant is used (Ehrenhauser et al., 2014). Dispersants
that were used widely during DWH oil spill almost have hydrophobic structure which enables
them to break down the oil into smaller droplets and enhance its mixing with water. It has
been shown that the floatation capacity of bubbles in this condition is higher so they are
more capable of ejecting organic matter along with their film and jet drops (Ehrenhauser
et al., 2014; Wilson, 1983; Clift and Weber, 1978).

4.2.2

Oil Premixed with Corexit 9500A/Corexit 9527A (DOR 1:20)

The mixture of oil and Corexit 9500A/Corexit 9527A (DOR 1:20) was injected into the
aerosolization reactor in separate experiments at 20 and 50 µL/min injection rates where
the reactor becomes saturated with oil and dispersant matter. Comparison between these
experiments and the earlier case where only the surrogate oil was injected into the reactor

55

Figure 4.1: Ejection rates of alkanes in pure surrogate oil (grey symbols) and in presence of
dispersant (colored symbols) (Ehrenhauser et al., 2014).
at 20 and 50 µL/min are shown in figures 4.3, and 4.4. The results of surrogate oil and
oil+1% Corexit 9500A were obtained from (Ehrenhauser et al., 2014). For alkane analysis,
the data uncertainty was reported as the standard deviation of duplicate samples and was
propagated to account for the alkanes group with similar vapor pressure (i.e. C10-C14,
C15-C19, C20-C24, and C25-C29).
At the DOR of 1:20, the ejection rate of the volatile fraction (C10-C14) in comparison
to the case where DOR was 1:100 decreased. This is attributed to a higher solubilizing
effect of dispersants on light and volatile organic fraction in water when they are applied at
a high DOR. On the other hand, the semi-volatile (C15-C19) and non-volatile (C20-C29)
group still showed enhancement in ejection of organic matter largely due to their adsorption
at the air-water interface followed by ejection into the atmosphere. The percent increase in
ejection rate of alkanes in comparison with surrogate oil experiment is shown in Table 4.2 and
Table 4.3 for 20 and 50 µL/min. As pointed out by M. Fontana (1976), this enhancement can
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be attributed to the large density of bubbles produced in the reactor by the same volume
of air due to decreased surface tension. The increase in the number of bubbles provides
larger surface area available for the higher molecular weight organic matter to adsorb at the
air-water interface. The main difference between Corexit 9500A and 9527A is the presence
of 2-butoxyethanol in Corexit 9527A that was eliminated from Corexit 9500A due to toxicity
concerns (Gray et al., 2014). Our data shows that, there is no significant difference between
these dispersants in terms of their effect on the ejection rate of alkanes.
Moreover, the particulate matter collection by ESP was performed in oil/dispersants
(DOR 1:20) experiments. The particulate matter samples do not contain the volatile fraction
(C10-C14) of oil matter that are emitted as vapors. The collection efficiency of the ESP was
calculated based on the mass ratio of alkanes collected on ESP over alkanes collected by
nozzle. For IVOCs (C15-C19), the collection efficiency of ESP varies between 1% to 6% due
to the higher volatility of IVOCs compared to SVOCs which enables them to partition into
the gas phase and be captured by nozzle through gas phase collection but not through ESP.
But, for the SVOCs (C20-C29) with the collection efficiency for alkanes between 20% and
68%, the ejection rate of SVOCs in particulate matter samples followed the same trend as the
nozzle samples showing the enhancement in particle production when dispersants were used
(DOR 1:20) (see Figure 4.4). The ejection rates of IVOCs (C15-C19) in the form of particles
collected by ESP enhanced 4-6 folds in comparison with oil experiment (see Table 4.4). This
enhancement in emission rate of C15-C19 group in the form of particles by using dispersants
shows the role of dispersants in increasing the partitioning of IVOCs from vapor to particle
phase. The same trend in emission rates of alkanes was also observed at 20 µL/min injection
rate (see Figure 4.5).
the This increase in the emission rates of IVOCs and SVOCs by using Corexits via
bursting bubbles in the form of fine particles (1µm as measured in Ehrenhauser et al. (2014))
can increase the concentration of particulate matter, associated with the organic matter, in
the atmospheric environment of shoreline. These fine particles at a very low wind speed
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Figure 4.2: Comparison between ejection rates of alkanes with/without dispersants at 20
µL/min injection rates collected by nozzle.
of only 5 m/s have a lifetime of approximately 2 × 103 seconds allowing for a theoretical
transport distance of 10 km (Andreas et al., 1995). Toxicological studies showed adverse
effects of fine aerosol particles and VOCs pollutants on human health (Pöschl, 2005; Kampa
and Castanas, 2008). Therefore, this increase in particles present in the atmosphere ,that
are coated with organic matter, by using dispersant must be considered a potential risk to
nearshore residents and first responders.

4.2.3

Photographic Investigation of a Bursting Bubble in presence and absence
of dispersant

The Dantec Dynamics M310 camera was used for taking a high speed video from bubbles
bursting at the air-salt water interface. A rectangular prism (36cm × 10cm ×10cm) was used
as a medium container. To see how addition of dispersant will affect the bursting bubble
mechanism, two experiments were conducted. In one experiment, the crude oil was added
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Figure 4.3: Enhancement in ejection rates of alkane by using dispersants at 50 µL/min.

Figure 4.4: Comparison between ejection rates of alkanes collected by ESP at 50 µL/min.
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Table 4.2: Enhancement in ejection rates of alkane by using dispersants at 20 µL/min
Experiments
Alkane groups

Oil + (1:100)
Corexit 9500A
(%)

Oil + (1:20)
Corexit 9500A
(%)

Oil + (1:20)
Corexit 9527A
(%)

C15-C19
C20-C24
C24-C29

1.78
1.78
12.73

38.58
109.64
64.05

17.87
71.36
44.36

Table 4.3: Enhancement in ejection rates of alkane by using dispersants at 50 µL/min
Experiments
Alkane groups

Oil + (1:100)
Corexit 9500A
(%)

Oil + (1:20)
Corexit 9500A
(%)

Oil + (1:20)
Corexit 9527A
(%)

C15-C19
C20-C24
C24-C29

27.14
98.59
91.57

62.26
131.24
61.06

33.24
103.31
81.45

to the salt water (3.5% m/m). Bubbles were generated by a syringe pump and pictures were
taken from a video made at a speed of 2800 fps (frame per second).
Figure 4.6 shows steps involved in the bubble bursting process and the consequent jet
droplet production. In the second experiment, corexit 9500A was added to the crude oil at
the DOR of 1:20. The mixture of oil and dispersant was introduced to the salt water. Air
bubbles were generated with the same rate as of the first experiment. In Figure 4.7, at the
free air-salt water interface we can clearly see enhancement occurs in the number of produced
jet drops and also in their ejection height. Additionally, the bursting bubble and droplet
production happened quicker in the presence of dispersant and the projected jet is bent due
to the effect of gravity. These experiments show the mechanism of the bursting bubble and
highlight the effect of Corexit on enhancing the droplet formation and shortening the time
of projection.

60

Figure 4.5: Comparison between ejection rates of alkanes collected by ESP at 20 µL/min.

Figure 4.6: Bubble bursting in a mixture of salt water and crude oil.
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Table 4.4: Enhancement in alkanes (C15-C29) ejection rates by using dispersants collected
by ESP at 50 µL/min

C15-C19
C20-C24
C24-C29

4.3

Oil + (1:20)
Corexit 9500A
(%)

Oil + (1:20)
Corexit 9527A
(%)

448.31
94.76
140.75

583.93
99.65
161.09

The Emission of Oil Matter from Actual Seawater

In addition to salt solution (3.5% w/w), experiments were conducted in sea water as well. Salt
water was used to provide a simple media that ties better into our modeling results (LiyanaArachchi et al., 2014), while sea water was used to incorporate the possible effect of both
inorganic and organic constituents of sea water in surface-driven emission of oil matter. The
salt concentration in the natural sea water sample (from GOM) was measured by conductivity
meter and through comparison with standard solutions of known salt concentrations to be
38350 ppm vs. 35000 ppm, which was used for preparing salt solutions (Millero et al., 2008).
The sea water surface tension was 67 mN/m in comparison with the salt solution with surface
tension of 72 mN/m which indicates the presence of natural surfactants in sea water.
The SEM-EDS analysis (see Figure 4.8), included sodium (Na), sulfur (S), chlorine (Cl),
and calcium (Ca) mapping. While the maps with Na (brown) and Cl (yellow) clearly show
the sea water salt particles, some S and Ca was also distributed on these particles. These
elements are originated from sea water as they were not detected in experiments conducted
in laboratory salt water. The presence of Ca and S in sea water composition has a role
in the higher ionic strength of sea water in comparison with salt solution. Also, the total
organic carbon of sea water was measured and compared with salt water showing a significant
difference. TOC of salt solution and seawater samples were measured by Shimadzu TOC-V
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Figure 4.7: Bubble bursting in a mixture of salt water, crude oil, and Corexit 9500A.
vch Total Organic Carbon Analyzer and the concentration of organic carbon were found to
be 2.33 and 8.69 mg/L, respectively. The higher TOC in sea water may result from the effect
of natural organic matter and synthetic sources (Hendricks, 2006).
Comparing the ejection rates of alkane groups in the experiment of oil without dispersant
in natural sea water and salt solution (the first two bars in Figure 4.9) shows that there is
no significant difference between their ejection rates except for the group of C20-C24 that is
increased by 50% in the presence of natural sea water. In experiments with oil and Corexit
9500A (1:20) (the second two bars in Figure 4.9), the difference between the ejection rates
of alkane is not significant except for the group of C25-C29 that reaches to 175% increase
when natural seawater was applied.
The ejection rates of alkanes, collected by ESP, show the same trend as nozzle (Figures 4.1
and 4.12) with respect to the fact that the addition of dispersant to crude oil in both
laboratory salt water and seawater experiments results in the increase of the ejection rate of
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Figure 4.8: Elemental identification of sea salt particles by SEM-EDS for Na, Cl, Ca, and S.
the IVOCs and SVOCs. In some cases, the ejection rate of alkanes was higher for sea water
relative to laboratory salt water. This may be due to the presence of natural surfactants in
sea water and the higher ionic strength. Regardless, the salt solution experiments can be
served as a realistic representative medium to assess the potential atmospheric transport of
organic matter via aerosolization.
The increase in the ejection rate of non-volatile alkanes in sea water experiments may be
due to the presence of naturally occurring surfactants and organic matter that was reflected
in the lower surface tension of seawater sample compared to the salt solution and the higher
organic content of the seawater. The presence of the organic matter result in the complexity
of sea water surface films (Pogorzelski et al., 2006). Also, higher ionic strength of the tested
seawater (0.66 M) vs. salt solution (0.60 M) can enhance organic molecules adsorption at
the air-water interface and their ultimate ejection into the atmosphere in association with
particles (Pogorzelski et al., 2006).

4.4

The Emission Rates of Dispersant Components

In the experiment of oil premixed with Corexit 9500A at the DOR of 1:100, the emission
rates of surfactant components of Corexit were evaluated and the DOSS ejection rates at 20,
50, and 100 µL/min injection rates of oil are reported (see Figure 4.13).
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Figure 4.9: Comparison between oil and dispersant experiments in natural and simulated
sea water at 50 µL/min.

Figure 4.10: Comparison between oil and dispersant experiments in natural and simulated
sea water at 20 µL/min.
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Figure 4.11: Comparison between oil and dispersant experiments in natural and simulated
sea water (ESP collection at 50 µL/min).

Figure 4.12: Comparison between oil and dispersant experiments in natural and simulated
sea water (ESP collection at 20 µL/min).
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Figure 4.13: Ejection rates of DOSS vs. Oil injection rates in oil + Corexit 9500A (DOR
1:100).
Measuring DOSS content in gas samples from oil-dispersant mixture experiments (see
Figure 4.12) indicates the possibility of direct emission of Corexit into the atmosphere via
bursting bubbles. The ejection rate of DOSS is in the range of the ejection rates of SVOCs
(i.e. C20-C29) implying the adsorptive emission of DOSS into the atmosphere. The errors
associated with DOSS ejection rate is basically the standard error between ejection rates of
DOSS in duplicate samples. The reason for unusually large error bar associated with the
ejection rate of DOSS in oil and Corexit 9500A (DOR 1:20) experiment cannot be explained
at this point. Therefore, the difference between DOSS ejection rates in different experiments
is statistically insignificant.
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Figure 4.14: Comparison between DOSS ejection rate in different oil-dispersant-mixture
experiments).

4.5

The Relative Contribution of Oil and Dispersant in Ejection of Sulfur
Species

Because of its wide range of reactivity and oxidation states sulfur is very significant in the
environment. XANES experiments at the sulfur K-edge have been successfully applied to
identify sulfur-containing compounds in organic materials including crude oils for quite a
while (Waldo et al., 1991). Sulfur K-edge XANES spectra were measured for an aerosol
sample collected by ESP in the Oil+Corexit 9500A (DOR 1:20) experiment, conducted in
salt water, to distinguish various sulfur species resulting from the aerosolization of oil and
dispersant.
S K-edge XANES spectra of the aerosol sample and different sulfur-containing reference
compounds are shown in Figure 3. The sulfur species present in the particle phase of the
aerosol sample, as contributions from both, the crude oil and Corexit 9500A, can be observed
clearly because of the White line peaks at 2472.7 eV and 2474.9 eV (from the crude oil) and
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2480.3 eV (from the Corexit). For the crude oil, these peaks are related to thiophene (2472.7
eV) and sulfoxide (2474.9 eV) contributions, which is well known for oil (MacIntyre (1972)).
For Corexit 9500A, the main sulfur species is part of the DOSS molecule, sulfosuccinate (or
sulfonic acid).
The energetic position of the White line maximum of this sulfur species can be found
at 2480.3 eV. Using LCF ∼ 70% of the sulfur species in the aerosol sample originates from
Corexit and 30% from oil, although Corexit was mixed with the oil at a DOR of 1:20.The
result of the fitting procedure is shown as a dashed line compared to the aerosol sample
(blue curve, in Figure 4.13). Our results show that the linear combination fitting method
can recreate the spectrum of the aerosol sample very well. We estimate the error for this
study to 20% due to differences in sample preparation (the concentrated Corexit sample
might have caused some self-absorption), whereas it is usually about 10% (Prange et al.,
2008).
Since sulfosuccinate can be detected in the aerosol sample this verifies the ejection of
DOSS into the atmosphere along with salt particles. Considering the error for the LCF
procedure, Corexit originated sulfur species have more than 50% contribution in ejection
of sulfur containing compounds than crude oil indicating the enrichment of the surfactant
molecules on the surface of bubbles and the higher concentration of Corexit in the aerosol
phase in comparison with oil matter. Also, by considering 70% of aerosol phase as Corexit
and 30% as oil and knowing the fact that the dispersant to oil ratio in water was 5%, the
Corexit can be enriched up to 14 times in aerosol phase.

4.6

The Effect of Individual Surfactants on the Ejection Rates of Oil Components

Corexit 9500A and Corexit 9527A are mixtures consisting of ionic and nonionic surfactants and solvent (Committee on Understanding Oil Spill Dispersants: Efficacy and effects
and Council, 2005), in which, the major ionic surfactant is sodium dioctyl sulfosuccinate
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Figure 4.15: S K-edge XANES spectra of the aerosol sample Oil+Corexit 9500A (DOR 1:20)
(blue), Corexit 9500A (red), Louisiana sweet crude oil (green), zinc sulfate standard (black),
and the LCF of the aerosol sample, using Corexit 9500A and Louisiana sweet crude oil.
(DOSS, a.k.a. Aerosol OT); (Singer et al., 1991) and the major nonionic surfactants include polyoxyethylene sorbitan mono- and trioleate (Tween 80 and Tween 85) and sorbitan
monooleate (Span 80) (Committee on Understanding Oil Spill Dispersants: Efficacy and
effects and Council, 2005). The formula was firstly developed to form stable emulsions from
oil droplets dispersed in water without taking into account the possible side effects of the
formed oil/dispersant mixture on the environment especially atmosphere. As one of the major components, the ionic DOSS is known to have low volatility and a potential to persist in
the environment (White et al., 2014; Lubchenco et al., 2012) with capability of solubilizing
a blend of surfactants containing various hydrophilic moieties into a hydrophobic medium,
such as a dispersant solvent or a crude oil slick (Riehm and McCormick, 2014). Meanwhile,
the nonionic components Tween 80 and Span 80 are desirable in environmental applications
for their exceptionally low toxicity (Riehm and McCormick, 2014). Hydrophilic-lipophilic
balance (HLB) values is another crucial factor to take into account for when designing dispersant (Boyd et al., 1972; Nave et al., 2000). It has been long established that surfactants
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with HLB values in the range of 9-13 succeeded in dispersing large portions of the oil whereas
Span 80 with a very low HLB (4.3) (ICI Americas, 1984). and also surfactants with high
HLB (e.g. Tween 80, HLB = 15)(ICI Americas, 1984) failed to disperse heavy crude oil in
seawater (Brochu et al., 1986).
Therefore, for a better understanding of how different Corexit components interacts with
oil/dispersant mixture at the air/seawater interfaces, it is not only necessary to obtain more
developed simulation results using a true representative of nonionic components in Corexit,
but also necessary to see the impacts of ionic surfactants on the oil/dispersant mixture at the
air/seawater interfaces.Surfactants are the key components of Corexit 9500A and 9527A. The
mass fraction of each surfactant in Corexit structure and the main characteristics of Corexits
surfactantsare are shown in Table 4.5 and Table 4.6, respectively.
Table 4.5: Mass fraction of major surfactants in Corexit 9500A and Corexit 9527 (Place
et al., 2014)

Corexit 9500A
Corexit 9527A

4.6.1

DOSS
(% w/w)

Span 80
(% w/w)

Tween 80
(% w/w)

Tween 85
(% w/w)

18
17

4.4
2.7

18
11

4.6
4.3

Surfactants

The ionic surfactant, Dioctyl Sodium Sulfosuccinate (DOSS) was obtained from Pfaltz &
Bauer (Waterbury, CT, USA). The non-ionic surfactants including Polyoxyethylene(20)sorbitan
trioleate (Tween85) and Polyoxyethylene(20)sorbitan monooleate (Tween80) were procured
from Fisher scientific (Fair lawn, NJ, USA) and Sorbitan monooleate (Span 80) was purchased from Sigma Aldrich (St. Louis, MO, USA). The same mole number (3.5 mmol) of
each of surfactants was mixed with crude oil (Louisiana sweet crude oil) and the resulting
mixture of oil and each of the surfactants was injected into the aerosolization reactor by the
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Table 4.6: Chemical, physical, and structural characteristics of different surfactants within
corexits.
Chemical
structure

Molecular
Density
weight [g/mol] [g/cm3 ]

HLB†CMC‡
[mM]

Surfactant

CAS
number

DOSS

577-11-7

444.56

1.1

Span 80

1338-43-8

428.62

1.004

4.3

0.016

Tween 80

9005-65-6

1310

1.06

15

0.012

Tween 85

9005-70-3

1839

1.11

11

0.06

10.5 0.38

†: Hydrophilic-lipophilic balance (Griffin, 1949; Schramm, 2005)
(Hait and Moulik, 2001)
‡: Critical micelle concentration measured in pure water
(Kujawinski et al., 2011; Chatterjee et al., 2001)
(Cirin et al., 2012; Peltonen and Yliruusi, 2000)
syringe pump at separate experiments. The experiments were performed in a bubble column
reactor at 298K. The complete description of the reactor and aerosol generator along with
our experimental and analysis protocol to study the aerosolization of oil matter by bursting
bubbles was explained thoroughly in Chapter 2.

4.6.2

The Effects of Surfactants on Alkane Ejection Rates

To answer the question of how different properties of surfactants would affect the aerosolization of oil matter, the effects of surfactants within Corexits on the ejection rates of oil
alkanes were tested. The comparison between oil ejection rates obtained by sampling nozzle
in oil+surfactant experiments (see Figure 4.16) shows that in the presence of DOSS, the
ionic surfactant in Corexit, a lower ejection rates occurs among all alkane groups including VOCs (C10-C14), IVOCs (C15-C19), and SVOCs (C20-C29) compounds. Span 80, the
nonionic surfactant, has a greater effect in enhancing the emission rate of alkanes. Specifi-
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cally, for more hydrophobic alkanes, Span 80 more profoundly enhances the adsorption and
subsequent ejection of oil matter into the atmosphere. Increase in ejection rates of alkane
when Span 80 was applied in comparison with DOSS went beyond an order of magnitude
for SVOCs indicating the higher efficiency of adsorption at the air-water interface in the
presence of the nonionic surfactant (Span80) than the ionic surfactant (DOSS) (Milton J.
Rosen and Kunjappu, 2012).
The particulate matter samples, which were collected by ESP (see Figure 4.17) do not
contain the volatile fraction (C10-C14) of oil matter that are emitted as vapors. The collection efficiency of the ESP was calculated based on the mass ratio of alkanes collected on ESP
over alkanes collected by nozzle. The ejection rate of SVOCs in particulate matter samples
followed the same trend as the nozzle samples showing beyond an order of magnitude enhancement in ejection rate of SVOCs when Span 80 was applied in comparison with DOSS
Also, the absence of IVOCs for DOSS experiment and a very low (7%) collection efficiency
for them in Span 80 experiment is attributed to the higher volatility of IVOCs compared
to SVOCs which enables them to partition into the gas phase and be captured by nozzle
through gas phase collection but not through ESP.
A visual observation of the reactor during this set of experiments (see Figure 4.18) shows
that most of the oil materials were dispersed within the water column when DOSS is applied
as evidenced by the brownish color of the salt water within the reactor. It has been shown
that DOSS has the higher leaching rate from the crude oil into salt water in comparison
with Span 80 (Riehm and McCormick, 2014). In contrast, Span 80, the most hydrophobic
surfactant within Corexit, attaches to oil droplets due to its lower affinity for the aqueous
phase and partitions very slowly from the oil into the salt water (Riehm and McCormick,
2014). In the recent case, most of the oil drops are carried up by rising bubbles and ejected
into the atmosphere through adsorption on the surface of bursting bubbles (Scott, 1986).
Span80 and DOSS were also detected in our aerosol samples. Although the same moles
of each were mixed with the surrogate oil, the average emission rate of Span 80 into the
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Figure 4.16: Alkanes ejection rate obtained by sampling nozzle in presence of the same molar
concentration of different surfactants.

Figure 4.17: Alkanes ejection rate obtained by electrostatic precipitator in presence of the
same molar concentration of different surfactants.
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Figure 4.18: Visual comparison of the effect of different surfactants with the same molar
concentration in oil upon exposure to bursting bubbles in the aerosolization reactor. From
left to right: Tween 85, Tween 80, Span 80, and DOSS.
atmosphere in comparison with DOSS was 90% more. As a result, Span 80 not only had a
greater contribution in ejection rate of oil matter but it also ended up into the atmosphere
with greater emission rate.

4.6.3

Surface Tension Measurements

To follow the effect of different surfactants within Corexits in reducing the surface tension
of the water and ensure that the reactor reached to its saturation point in the course of
sampling, 80 mL of the salt solution inside the reactor was taken at different stages of
experiment. The trend in surface tension change vs. injected volume of oil and each of the
surfactant was shown in Figure 4.20. Most of the error bars are within the symbol. Initial
measurements for all experiments were taken for salt solution within the water column that
shows an average value of 72 mN/m. As more oil and surfactant were injected into the
reactor through the experiment, the surface tension decreased sharply until it reached to
the steady value corresponds to the steady point of the reactor. At this point, as more
surfactant was added to the system, surface tension did not change, indicating saturation at
the air-water interface.

75

Figure 4.19: Ejection rates of surfactants obtained by sampling nozzle and ESP for oil and
surfactant experiments.

Figure 4.20: Surface tension change in response to injected volume of oil and surfactant.
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4.6.4

Oil Budget Calculations in the Bubble Column Reactor

The general mass balance equation that can be applied to the bubble column reactor in oil
and dispersant experiments:

Input − Output + Generation − Consumption = Accumulation.

(4.1)

Since the injected material (oil and dispersant) into the reactor are not reacting inside
the reactor, the general mass balance will be reduced to the following form:

Input − Output = Accumulation.

(4.2)

The injected stream of oil/dispersant into the reactor is the input material. The output is
the exiting vapor and particle stream from the reactor. The accumulation term refers to
the dispersed and dissolved fraction as well as the fraction of input matter deposited on
the reactor walls. By having the injected volume of oil/ dispersant into the reactor and
measuring the ejected mass of alkanes outside of the reactor, we can obtain the accumulated
oil and dispersant matter inside the reactor. In the experiment in which only crude oil was
injected into the reactor, about 9.2 g of crude oil was injected into the reactor and about
0.07 g of alkanes (C10-C28) were collected isokinetically by sampling nozzle. Considering
the crude oil analysis by GC-FID, C10-C28 is about 7 % (w/w) of the crude oil. Therefore,
we can conclude about 1.0 g of the crude oil either evaporated or aerosolized in the reactor
which is corresponding to 9.3±1% of the injected mass of the crude oil. The same analysis
was repeated for oil premixed with dispersant experiment and the effluent of the reactor in
the form of vapor and particles increased to 10.5±2.6% of the injected mass of crude oil. The
rest of the injected oil and dispersant will be dispersed or dissolved in the water column, or
deposited on the walls of the reactor. About 95% of the effluent of the reactor originates from
volatile-fraction and about 5% consists out of intermediate/semi/ non-volatile fractions.
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Chapter 5
Photo-degradation of Alkanes under UV
Light in the Photo-reactor
To assess the atmospheric fate of oil matter in the form of particles, ejected by bursting
bubbles, we used a modular photo-reactor in which chemical changes that are induced by
absorption of sunlight by the alkanes was investigated.

5.1

Photo-reactor

The reactor is assembled using stackable, polytetrafluoroethylene (PTFE) blocks, each with
a 6.35 cm square opening to allow placement of a 3.5 cm diameter Petri dish. An aluminum
base, covered with inert PFA foil, serves as a heat exchanger. The top block of the reactor
has a 5 cm diameter opening sealed by an optical-grade quartz glass disc (Technical Glass
Products, Gonzales, LA, USA) to allow light passage and seal the reactor. A 500 Watt
Xenon short-arc lamp (Osram XBO W/H, Spectral Energy Corporation, NY) which delivers
UV light into the reactor is confined in a lamp housing (LH 151N/1) and is powered by a
lamp power supply (serial number 94180047, Spectral energy Corp., Chester, NY, USA).
The light is redirected through a collimator and filtered down using air mass filters for
photo-degradation experiments.
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Figure 5.1: Modular photo-reactor (a) schematic and (b) photogram.

Figure 5.2: Schematic of the support container for the aluminum target.

5.2

Experimental

The surrogate oil was injected into the aerosolization reactor at 50 µL/min. After one hour,
particulate matter samples were collected by ESP on aluminum targets. The collection
time for each sample was 30 minutes. To expose collected particles to UV light in the
photo-reactor, the aluminum target was placed in a supporting funnel connected to a glass
container (see Figure 5.2).
The collected samples by ESP were treated in three different ways: 1. Reference 2. UVtreated 3. Dark-treated. The reference samples were not treated in the photo-reactor under
UV light or dark condition. The organic fraction of reference sample was extracted by ethyl
acetate and after dehydration by sodium sulfate was injected into the GC-MS to analyze
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the alkane content. The UV-treated samples were exposed to UV light in the photo-reactor
at different incubation times. The dark-treated samples were placed in the photo-reactor at
different incubation times without UV-light radiation. After the incubation time, samples
were treated for the analysis by GC-MS as it was mentioned for the reference samples.
To determine if the photo-transformation processes occurred on the oil aerosol particles,
the chemical composition were determined for each sample and their concentration were
compared.

5.3

Photo-degradation Rates of Alkanes

5.3.1

Effect of UV

As the preliminary experiments, we tested the effect of exposure time to UV radiation in
the photo-reactor on degradation rate of alkanes. In this experiment, samples of particulate
matter were collected by ESP for 30 minutes. These samples were incubated in the photoreactor under UV radiation for 10 min, 20 min, and 1 hr. Also, reference samples were
analyzed without UV exposure to provide the baseline for the comparison (see Section 2.2
for particle analysis).
The decrease in the concentrations of alkanes (C16-C35) under UV exposure was observed
(see Figure 5.3). The concentrations are reported as the average between two aluminum
targets and the error is reported as the standard deviation. The decrease in the concentration
of alkanes for samples which were exposed to UV radiation in comparison with reference
samples was in the range of 27-45%. Also, photo degradation rates of alkanes showed that
at 10 min exposure to UV light, the greatest degradation rates occurred in all alkane groups
(table 5-1).

5.3.2

Effect of H2 O2

Although alkanes are less reactive than alkenes and aromatic compounds and their chemical
degradation and transformation occur slowly, reactions of alkanes with hydroxyl radical is
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Figure 5.3: The effect of UV irradiation on degradation of alkanes.
the major atmospheric fate of all alkanes (J. G. Calvert et al., 2000). Initially, the fully
saturated alkanes form an alkyl radical with OH via the abstraction of a hydrogen atom.
This reaction happens on a time-scale of minutes. The addition of the diatomic oxygen to
the newly formed alkyl radical then yields an alkyl peroxyl radical, which happens on a
time-scale of a mere tens of nanoseconds (J. G. Calvert et al., 2000),

OH + RH → H2 O + R• ,

(5.1)

R• + O2 + M → RO2 + M.

(5.2)

In general for these reactions, an increase in the carbon chain of the alkane, and subsequently
the number of hydrogen atoms yields a practically linear increase of the rate coefficient for
hydrogen abstraction by hydroxyl. In general, the reactivity of the alkane increases with the
addition of a CH2 group (J. G. Calvert et al., 2000). Chemical reactions occur when alkanes
absorb sunlight with wavelengths starting in the ultraviolet region. This absorption is shifted
to longer wavelengths when the size of the alkane increases. Alkanes that react with hydroxyl
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Table 5.1: Photo degradation rates of alkanes in different incubation time periods
Compound

−r10min
mg.(L.min)−1

−r20min
mg.(L.min)−1

−r60min
mg.(L.min)−1

C16-C20
C21-C25
C26-C30
C31-C25

0.10 ± 0.04
0.09 ± 0.02
0.06 ± 0.03
0.03 ± 0.01

0.06 ± 0.02
0.05 ± 0.01
0.04 ± 0.01
0.02 ± 0.01

0.03 ± 0.01
0.02 ± 0.00
0.02 ± 0.01
0.01 ± 0.00

radicals form intermediates that undergo oxidation with the absorption of sunlight. The
absorption rate and wavelength of light directly influences the product yielded from reaction
of alkanes with the hydroxyl radical (J. G. Calvert et al., 2000). The experimental setup
is shown in Figure 5.4. A pure air stream was injected at 0.2 L/min in a double bubbler
containing a H2 O2 solution at 500 mM. The double bubbler served to produce hydrogen
peroxide in the gaseous phase and prevent the emission of aqueous droplets into the reactor.
The water deposition on the aluminum target was checked by measuring the aluminum target
mass before and after exposure to the air stream. The mass balance precision was of ± 0.1
mg and over the different exposure-time no water deposition was observed.
The container is covered with an aluminum foil to prevent the H2 O2 solution from light
absorption and decomposition. Then, the air stream containing 1.5 nM of gaseous H2 O2
is injected in the photo-reactor containing the oil particles. The hydrogen peroxide concentration was measured using a fluorometric method adapted from Lazrus et al. (1985).
Finally, this air stream ending in a liquid trap containing ultrapure water. After each experiments, the H2 O2 concentration was determined in the liquid trap to ensure the effective
H2 O2 presence in the air flow.
We can see degradation in alkane concentrations from those samples that are exposed to
UV light and H2 O2 . However, targets that are not exposed to UV light and H2 O2 inside the
reactor (dark samples, second bar in Figure 5.5) also show decrease in the concentration of
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Figure 5.4: Experimental setup to assess the effect of UV radiation and H2 O2 on oil degradation.

Figure 5.5: Degradation of alkanes exposed under UV light and H2 O2 .
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alkanes compared to reference samples. This might be due to air flow inside the reactor as
well as the variation between the ESP samples, which is reflected in their error bars.

5.3.3

Effect of O3

Ozone is contineously being formed and depleted in the ozone layer between 50 and 120 km
above the surface of earth. The original mechanism was suggested by Chapman (1930). The
strong double bond in oxygen is broken by high energy UV light from the sun to form oxygen
radicals. Theses radicals can then react with an oxygen molecule to form ozone
uv

O = O(g) −→ 2O• (g),

(5.3)

O• (g) + O2 (g) → O3 (g).

(5.4)

Since the bonds between oxygen atoms in ozone is weaker than O2 , lower energy light is
needed to break them back to oxygen molecule and an oxygen radical
uv

O3 (g) −→ O2 (g) + O• (g),

(5.5)

O3 (g) + O• (g) → 2O2 (g).

(5.6)

We used ozone producer to test the effect of UV light and O3 on degradation rate of alkanes
collected on aluminum targets. The ozone concentration in the photo reactor was maintained
at 50 ppb. Ozone concentration in the unpolluted lower troposphere is about 30 ppb (Singh
et al., 1978). If there is a pathway for the reaction of ozone and alkanes, it can be expressed
as below (Atkinson and Carter, 1984)

O3 (g) + RH → O2 (g) + R• + OH.

(5.7)
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Figure 5.6: Experimental setup to assess the effect of UV radiation and O3 on oil degradation
.
The reaction of alkanes with ozone have been studied and shown to be negligible in the atmosphere due to the extremely slow rate of reaction. For all alkanes studied, the atmospheric
lifetimes of these reactions are upwards of 1000 years (Atkinson and Carter, 1984).
Although samples that are exposed to UV light/ O3 inside the reactor exhibit degradation
in alkane concentrations, the same degradation is also observed for dark samples and there
is not a very significant effect on alkane degradation by applying UV and UV + ozone (see
Figure 5.7). The same trend was also observed when we exposed samples to UV light and
ozone for eight hours inside the photo reactor. The alkanes emitted into the atmosphere in
the form of particles cannot be easily removed and degraded by reactions with O3 and OH
radicals or by photolysis. The degradation rate that was obtained in the laboratory photoreactor setup was within the range of standard deviation of replicates which were treated
the same way inside the reactor.
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Figure 5.7: Degradation of alkanes exposed under UV light and O3 .
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Chapter 6
Conclusions
The purpose of this dissertation was to examine the effect of bursting bubbles, as they occur
in oceanic whitecaps, in the transport of oil and dispersant components into the atmosphere.
In order to obtain a better understanding on the fate and transport of spilled oil with/without
dispersants, both laboratory experiments in a bubble column reactor and molecular dynamic
simulation were performed.

6.1

Aerosolization of Oil Matter via Bursting Bubbles

The injection of non-weathered crude oil into the bubble column reactor results in the ejection of volatile, intermediate-volatile, and non-volatile components of the crude oil into the
atmosphere. The transport of volatile and intermediate-volatile oil compounds into air are
governed by evaporation and directly related to the vapor pressure of oil compounds. However, the transport of semi and non-volatile oil compounds, which also appeared in the air
within the same time frame which volatile compounds were collected, can be attributed to
their adsorption on the surface of bursting bubbles. The evaporative transport vector for
semi and non-volatile compounds is very negligible due to their very low vapor pressures.
The injection of weathered oil mousse into the bubble column reactor results in the
emission of semi and non-volatile oil compounds with the identical distribution of alkanes
in oil mousse source and the aerosol phase. This same distribution of oil components rule
out the evaporative transport vector as the alkane distribution in the aerosol phase does not
shift to the volatile compounds. Due to the insolubility of large alkanes in water, dissolution
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in the aerosol droplets is also ruled out as the possible transport vector for the higher chain
length alkanes (> C15). We showed the volatility and solubility independent behavior of the
presence of organic oil spill matter in the atmosphere and prove the adsorption of alkanes
at the airwater interface and the subsequent ejection of the interface via bursting bubbles
as a possible transport vector for organic oil spill matter into the atmosphere. This vector
might be of particular importance for the fate of SVOC such as alkanes with more than
eighteen carbons, as dissolution, microbial degradation, and evaporation are negligible for
these compounds. By SEM-EDS images and through ESP collection, we found the emission
of semi/non-volatile oil/dispersant matter is associated with salt particles and these matter
are located at the edge of these particles.
By Molecular Dynamic (MD) simulation (Liyana-Arachchi et al., 2014), a thermodynamic
viability of adsorption of intermediate and semi-volatile alkanes (C15, C20, and C30) at the
air/salt water interface was investigated. Based on MD study, the deep free energy minima
of n-alkanes at the air/salt water interface prove the strong preference of these compounds
to stay at the air/salt water interface and enhance the possibility of adsorption of these oil
hydrocarbon at the surface of bubbles and their ejection into the air. Also, as the chain
length in alkanes increases the free energy minimum of these alkanes becomes deeper which
indicates the higher chance for non-volatile to adsorb on the surface of bubbles and be ejected
into the air upon their bursting.

6.2

Aerosolization of Oil and Dispersants via Bursting Bubbles

The effect of dispersants used during DWH oil spill (Corexit 9500A and Corexit 9527A) and
their surfactant contents on the emission of oil matter was studied. Applying dispersants
(Corexit 9500A/9527A) at the DOR of 1:100 and 1:20 enhances the emission rate of intermediate and semi-volatile alkanes into the atmosphere. While application of dispersants at the
DOR of 1:20 in comparison to 1:100 had a reducing effect on the emission of volatile groups
of alkanes. The mechanistic experiment of a single bubble bursting showed the increase in
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the rate of droplet production in presence of dispersant. Although, there is no significant
information and data available regarding the presence of dispersant compounds in the air
during DWH oil spill, the possibility of direct emission of dispersant components into the
atmosphere via bursting bubbles was verified by detection of DOSS in aerosol samples. This
detection of DOSS in aerosol samples opens up a new potential transport pathway for dispersants in DWH oil spill incident. The potential health effects of Corexit application were
evaluated through dermal exposure and inhalation that showed measurable change in normal
physiological function (Anderson et al., 2011; Castranova, 2011; Goldsmith et al., 2011).
Additionally, XANES method was used to study emission of sulfur-containing compounds
of oil and Corexit that are associated with salt particles. We were able to detect sulfides
and thiophenes from crude oil as well as sulfone-containing species from Corexit (DOSS) in
form of particles through ESP collection. Also, LCF showed that Corexit has more than
50% contribution in the presence of sulfur species in the atmosphere in comparison with
oil in spite the fact that it was mixed with oil with the DOR of 1:20. Thus, application of
dispersant may cause high concentration and enrichment of dispersant components at the
air-water interface of bubbles, followed by their ejection into the atmosphere via wind-wave
action. This study highlights the importance of aerosolization specifically when dispersants
are used to mitigate near shore oil spills where dispersant containing aerosols can be likely
inhaled by response workers and shoreline residents.
The effect of dispersants used during DWH oil spill (Corexit 9500A and Corexit 9527A)
and their surfactant contents on the emission of oil matter was studied. Applying dispersants (Corexit 9500A/9527A) at the DOR of 1:100 and 1:20 enhances the emission rate of
intermediate and semi-volatile alkanes into the atmosphere. Although, there is no significant
information and data available regarding the presence of dispersant compounds in the air
during DWH oil spill, the possibility of direct emission of dispersant components into the
atmosphere via bursting bubbles was verified by detection of DOSS in aerosol samples. This
detection of DOSS in aerosol samples opens up a new potential transport pathway for dis-

89

persants in DWH oil spill incident. The potential health effects of Corexit application were
evaluated through dermal exposure and inhalation that showed measurable change in normal physiological function (Anderson et al., 2011; Castranova, 2011; Goldsmith et al., 2011).
Additionally, XANES method was used to study emission of sulfur-containing compounds
of oil and Corexit that are associated with salt particles. We were able to detect sulfides
and thiophenes from crude oil as well as sulfone-containing species from Corexit (DOSS) in
form of particles through ESP collection. Also, LCF showed that Corexit has more than
50% contribution in the presence of sulfur species in the atmosphere in comparison with
oil in spite the fact that it was mixed with oil with the DOR of 1:20. Thus, application of
dispersant may cause high concentration and enrichment of dispersant components at the
air-water interface of bubbles, followed by their ejection into the atmosphere via wind-wave
action. This study highlights the importance of aerosolization specifically when dispersants
are used to mitigate near shore oil spills where dispersant containing aerosols can be likely
inhaled by response workers and shoreline residents.
Comparison between oil and oil premixed with dispersant in both natural and simulated
seawater shows enhancement in the ejection rate of organic matter by using dispersant that
is in agreement with results we obtained by simulated seawater. In addition, it highlights
the importance of aerosolization as it shows that naturally occurring surfactants and organic
matter can further enhance the emission of organic material from the sea surface into the
atmosphere.
The molecular dynamic simulation of dispersant mixture also shows the deeper free energy minimum at the air/water interface for intermediate and semi-volatile alkanes when
dispersant is applied which results in higher concentrations of these alkanes at the air-water
interface and their consequent higher ejection rates into the air (Liyana-Arachchi et al.,
2014).
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6.3

Aerosolization of Oil and Surfactants via Bursting Bubbles

The contribution of major surfactants in Corexits on ejection rate of oil matter was studied
and the properties of the different dispersant components molecules and n-alkane molecules
were investigated at air/salt water interfaces using molecular dynamics simulation along
with experiments using a laboratory scale aerosolization reactor. Our investigation at both
macroscopic and molecular levels provided us with crucial information on designing next
generation dispersant formula. Our experimental results revealed the fact that Span 80 has
the most contribution among other surfactants in ejection rate of oil matter while DOSS
has the least. In particular, measuring ejection rates of alkanes showed beyond an order of
magnitude difference in emission rate of SVOCs into the atmosphere in presence of Span 80
compared with DOSS. While Span 80 contributed more effectively in the ejection of alkane
into the atmosphere via bursting bubbles, DOSS had the greater effect in emulsification and
dispersion of oil matter into the water column and limiting their ejection rate.
Our molecular dynamic simulation results are in agreement with the experimental trends,
In particular, The free energy minimum of the n-alkanes become deeper when adding dispersant molecules into the system, and adding Span 80 has stronger effects on this than adding
DOSS for heavier hydrocarbons, which means that during the process of oil dispersion by
Corexit, Span 80 contributes more oil ejection (especially heavier oil) than DOSS in regard
to bubble bursting aerosolization.
Furthermore, classical MD simulations reveal the orientations, as well as the morphology
of the dispersant molecules at the air/salt water interfaces with the presence of n-alkanes
as the orientation of dispersant molecules at the interfaces affects the ejection rates of oil
spilled matters. Higher DOR value makes the dispersant molecule to adopt a more tilted
orientation with respect to the air/seawater interface, and makes the dispersant molecule to
form less folded shape. Changing DOR values have fewer effects on both the orientations
and morphology of the dispersant molecules when with heavier alkane than lighter alkanes.
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6.4

Suggested Future Work

Future research is necessary to increase the scope of the study and better understand the implications for long-range transport and fate modeling. Also, to find the impact of aerosolization by bursting bubbles in a more realistic setting, we need a model facility to properly
correlate our laboratory results with aerosol observations in the field. A wind-wave tank
can be served as a pilot scale facility. Oil and dispersant experiments can be conducted by
applying dispersant both on the oil floating in the tank and premixed with the oil.
Different dispersant formulations can be tested in the bubble column reactor to study
their effectiveness in the dispersion of oil in the water column and emission of oil into the air.
The particle size analyzer can be installed along with the bubble column reactor to compare
the oil droplet size distribution as a result of using different dispersants. Also, microbial
products that are used to enhance oil biodegradation can be used to study their efficiency
in degradation of oil, disappearance of aliphatic hydrocarbons, and thus decrease in their
emission into the air via bursting bubbles.
Additionally, the hypothesis that the dispersant use can inhibit the emission of VOCs
can be assessed further in test tanks and open waters. Real-time monitoring protocols can
be created to support or prevent dispersant application during oil spill response operations.
Protocols that monitor air quality before and after spraying dispersants under different
conditions (Temperature, wind speed, humidity etc.).
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• Bubble bursting as an aerosol generation mechanism during an oil spill in the deepsea environment: laboratory experimental demonstration of the transport pathway,
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• Bubble bursting as an aerosol generation mechanism during an oil spill in the deepsea environment: molecular dynamics simulations of oil alkanes and dispersants in
atmospheric air/salt water interfaces, Environmental Science : Processes & Impacts,
2014, Volume 16, issue: 1, Pages: 53-64.
• The effect of Corexit 9500A, 9527A on the ejection of organic material into the atmosphere via bursting bubbles on see surfaces, under review.
• Investigation of the effects of dispersent Corexite componants on oil alkanes in atmospheric air/salt walter intephases, under review.
Conference Presentations
• Aerosolization of Oil Spill Matter via Bursting Bubbles. Gulf of Mexico Oil Spill &
Ecosystem Science Conference, New Orleans, Louisiana, 2013.
• Effect of Bursting Bubbles on the Fate of Spilled Oil. 87th ACS Colloid and Surface
Science Symposium, Riverside, California, 2013.
• Laboratory Experimental Demonstration of the Effect of Oceanic Whitecap in Transferring Oil and Dispersant Compounds to Atmosphere. Gulf of Mexico Oil Spill &
Ecosystem Science Conference, Mobile, Alabama, 2014.
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• Dispersant Effect in Enhancing the Droplet and Particle Formation by Bursting Bubbles. State of the Coast Conference, New Orleans, Louisiana, 2014.
• The Contribution of Different Surfactants within Corexit in Ejection of Oil/Dispersant
Material to the Atmosphere. AICHE Annual Meeting, Atlanta, Georgia, 2014.
• The Role of Different Dispersants in the Transport of Spilled Oil matter into the
Atmosphere. Deepwater Technical Symposium, New Orleans, Louisiana, 2015.
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Chauvistré, R., 1987. Absorptionsspektroskopie an Atomen und kleinen Molekülen im weichen Röntgengebiet. Ph.D. thesis.
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Appendix A
Image J Instructions to Measure the
Particle/Bubble Size distribution
The following samples were made by mixing sodium chloride with deionized water and running the mixture through a bubble column reactor. These are the particles collected when
the bubbles in the sodium chloride mixture bursted. The program Image J is being used to
find an accurate method of measuring the area of the salt crystals collected. There are two
methods in measuring the area of the crystals which include an automatic method and a
manual method.
Procedure for using the Automatic Method:
-Open the Image J program
-Go to File → Open
-Find the desired file to analyze
-Click on the straight line selection tool

and draw a line on the scale depicted on the

image
-With the line still drawn on the picture, go to Analyze → Set Scale -The Distance in pixels
of the line created on the image will appear automatically
-Enter in the Known distance of the line (in this case it is 100)
-Enter in the Unit of length of the known distance (in this case it is um)
-After clicking OK the scale will be set for this image only
-Setting the scale must be repeated for every image
-Go to Image → Adjust → Threshold
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Figure A.1: Scale indicator in an SEM image of collected particles.

Figure A.2: Setting scale in Image J program.
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-Shift the top scale in the Threshold window to shade the desired areas of the image
-After the desired areas are shaded, click Apply
-Go to Analyze → Analyze Particles
-In the Size (pixel2 ) box choose the desired range of pixel areas to be measured
-In the Show box choose Outlines
-Make sure that the Display Results box is checked
-Click OK
-The areas of the particles selected will appear in a results table on the right side of the
screen
Procedure for measuring individual particles in Image J manually:
-Open the Image J program
-Go to File → Open
-Find the desired file to analyze
and draw a line on the scale depicted on the

-Click on the straight line selection tool
image

-With the line still drawn on the picture, go to Analyze → Set Scale
-The Distance in pixels of the line created on the image will appear automatically
-Enter in the Known distance of the line (in this case it is 100)
-Enter in the Unit of length of the known distance (in this case it is um)
-After clicking OK the scale will be set for this image only
-Setting the scale must be repeated for every image
-Click on desired a selection tool
a. Click on circular selection tool

to measure round particles

b. Click on the rectangular selection tool
c. Click on the polygon selection tool

to measure rectangular particles
to draw a polygon around irregular shaped

particles
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Figure A.3: Manual measurements of the area of particles by Image J program.
-Click on image and form shape around the particle with the desired selection tool -Once
shape is formed on the image, click on Plugins →Analyze →Measure and label -The shape
formed on the image will then be labeled numerically and the area will be recorded in the
results table which will show to the right of the screen
In conclusion, the automatic method of measuring the area of the particles is not as
accurate as the manual method. In the automatic method many problems arise with the
picture. One such problem is the background of the picture. The disks used for these samples
have marks on them which appear in the scanning electron microscope pictures. Since the
background of the picture is not uniform the program mistakes pieces of the background for
particles. Another problem with the automatic method is that the program tends to decrease
the size of the particles drastically when measuring the area. The program outlines what it
perceives as the particles which is much smaller than the actual particles. Another major
problem that arises with the automatic method deals with the number of particles the method
measures. With all of these problems occurring in the automatic method of measuring the
area of the particles, the manual method of measuring the area of the particles is suggested.
This method takes longer but the results produced are far more accurate. The results are
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more accurate because the researcher can look at the picture and distinguish which areas of
light and dark are particles.
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Appendix B
Supplementary Data for Chapters 3 and
4

Here are data for the experiments performed in Chapters 3 and 4.
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Appendix C
Supplementary Data for Chapter 5

Here are data for the experiments performed in Chapter 5.
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